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Introduction

Due to the unforeseeable reasons described in the first-year report our animal study was delayed by
one year. A request for one year no-cost extension was approved by DOD.

The specific aims include (1) To determine if HIFU increases the cellular uptake of AS-MDM?2, AS-
bel-2 and AS-PKA, thereby suppressing MDM?2, bel-2 and PKA, respectively, in vivo (2) To determine
if HIFU enhances the uptake of adenoviral-E2F1 (Ad-E2F1), and (3) To establish whether the
increased uptake of AS-MDM2 enhances tumor growth inhibition when combined with AD or RT.
The detailed experimental procedures and results are summarized below.

Body

In this final report we summarize our accomplishments associated with the tasks outlined in the
approved “Statement of Work” in the proposal. We have performed studies to determine if HIFU
increases the cellular uptake of AS-MDM2, AS-bcl-2 thereby suppressing MDM2, bcl-2 respectively,
in vivo. The sequence of our studies, leading up to the gene delivery experiments is as follows. First,
we performed experiments on a phantom that was provided by InSightec to determine the ultrasonic
treatment parameters including the frequency, acoustic power, duty cycle and exposure duration for
drug delivery enhancement studies without damaging normal tissues. Second, we developed
techniques for the treatment of prostate tumor-bearing mice using a clinical MRI-guided HIFU
(MRgHIFU) treatment device. Third, we evaluated the ultrasonic parameters derived from the acoustic
phantom experiment for drug enhancement delivery in prostate tumors in mice using doxorubicin.
Fourth, based on the in vivo results that drug concentration of doxorubicin is increased in the HIFU
treated prostate tumors we investigated the MRgHIFU effect on the enhancement of AS-MDM2, bcl-2
(gene therapy) in implanted prostate tumors in mice in vVivo by measuring the protein expression level
of MDM, p53 and p21 with time points after treatment using immunohistochemical staining and west
blotting. We also performed experiments to establish the efficacy of AS-MDM2, in inhibiting prostate
tumor growth in vivo. Our in vivo animal results did not show significant therapeutic effects on tumor
growth control using AS-MDM2. This could be the result of either ineffective gene agents or
suboptimal HIFU parameters that did not enhance the drug delivery. Further animal studies were
carried out using a chemotherapeutic drug, docetaxel, which has been routinely used for treatment of
prostate cancer patients clinically with proven therapeutic effects to increase patient survival. We
performed quantitative measurements of 3H-docetaxel concentration in implanted tumors with and
without HIFU treatment, which clearly demonstrated the drug delivery enhancement using our
MRgHIFU parameters. We also demonstrated the efficacy of increased 3H-decetaxel with MRgHIFU
using our established treatment parameters in inhibiting prostate tumor growth in vivo and combined
with RT. Based on these extensive animal studies we have published 3 peer reviewed papers in Phys.
Med. Biol and Med. Phys (1-3), both are top radiation physics and biology journals, and numerous
abstracts presented in the national and international conferences. Two peer reviewed abstracts were
selected as the best papers presented at the AAPM annual meeting 2012 and published in the journal of
Med. Phys (4-5). We summarize the results from these studies in the following sections.

To determine if HIFU increases the cellular uptake of AS-MDM2, AS-bcl-2 and AS-PKA,
thereby suppressing MDM2, bcl-2 and PKA, respectively, in vivo.

Characterization of the output of the focused ultrasound unit using MR guidance

Study of ultrasound output parameters on phantom
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A series of pilot experiments were performed on an MRgHIFU system (An ExAblate 2000 HIFU
system, InSightec, Inc. and a 1.5 T MR scanner, GE) with an acoustic phantom provided by InSightec.
The purpose of these studies were to determine the ultrasound parameters including frequency,
acoustic power and pulse width that are adequate for the enhancement of gene therapy for the
treatment of prostate cancer in mice, without causing damage to overlapping healthy tissues
permanently. The MR proton resonance frequency shift sequence was used for temperature monitoring
during the treatment. We assumed that tissue would not be damaged below 42°C. In order to avoid
permanent tissue damage the temperature elevation should be below 5 °C based on the animal ambient
temperature. Our results suggested that in order to avoid permanent tissue damage, the acoustic power
should be below 5 W and the temperature elevation < 4°C. With these ultrasonic treatment parameters,
we have further demonstrated that there were no ultrasonic lesions seen in ex-vivo tissue. The 1 MHz
frequency was chosen based on the cavitation mechanism, which has been discussed in the literature
(6-7).

We also performed studies on the relationship between acoustic energy (acoustic power x ultrasonic
exposure time) and the temperature elevation for a given acoustic power of 4 W. Results showed that
4 °C temperature elevation is maintained from 40 joule (exposure time 10 s) to 240 joule (exposure
time 60 s) due to the thermal equilibrium. It is expected that although the temperature elevation is the
same for this acoustic energy range the biological effects in animals (in vivo) may be different. These
phantom measurements provided basic ultrasonic parameters for the in vivo studies. The ultrasound
treatment parameters including frequency: 1MHz, duty cycle: 50% and exposure duration: 60 seconds
were used in our pilot in vivo animal studies (see below).

Determination of tumor model and the optimal MR protocols

All in vivo pilot studies were carried out in compliance with guidelines and approval of both the
IACUC and DOD ACURO (08-19). The human prostate cancer cell line, LNCaP (wild-type) was used
for the study (8). LNCaP cells (1 x 10°) were injected into the prostates of mice orthotopically. Tumor
growth was monitored weekly on MRI starting 3 weeks after the implantation. MR imaging was also
used for ultrasonic treatment guidance including tumor target delineation, treatment planning, and real-
time localization for ultrasonic beam delivery.

An optimal MR imaging protocol was developed, which allows us to obtain a higher quality image to
visualize the prostate tumor in the small animal while the scan time remains acceptable for the whole
MRgHIFU treatment procedure to be within the approximate 1h anesthesia time. A three-inch surface
coil was used. A quick scan was performed for initial localization using the fast spin echo (FSE) image
sequence at low image quality. The scan time was 0.13 min. It was followed by a high quality image
sequence with 7 min scan time in order to identify the tumor target. The MR parameters were: T2-
weighted coronal fast spin echo (FSE) sequence; TR/TE=2150/102 ms; Bandwidth: 10.4 kHz; FOV=9
x 9 cm; Matrix: 384 x 384 NEX: 4; slice thickness: 2.0 mm/0.0 sp; frequency direction: SI and the
spatial resolution: 0.23 mm. Based on the coronal image, an axial MR sequence was performed with
4.25 min. The total scan time was approximately 12 minutes, which allows us to complete the entire
HIFU treatment procedures in an hour. These animal experimental procedures will be useful to future
in vivo studies on MRgHIFU drug enhancement for cancer therapy.

Development of experimental techniques for animal studies in vivo using FDA approved clinical
MRgHIFU system

Prior to treatment a quality control (QC) procedure was performed to check the automatic electronic
motion system, the transducer output, and the effective focal region using acoustic phantom. The mice
were treated under general anesthesia using a mixed solution of Ketamine at 60 mg/kg & Ace-
promazine at 2.5 mg/kg in 15 micro liters total volume by intraperitoneal (i.p.). A gel phantom was
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placed on the treatment table in line with the transducer. Degassed water was used for the interface
between the treatment table and the gel phantom for the acoustic coupling. Care was taken to eliminate
any air bubbles between the interfaces. The gel phantom was warmed to approximately 37 °C and a
shallow hole measured about 2cm x 3cm with 8 mm in depth was made. The hole was located in the
center on the top of the gel and filled with warm degassed water. The animal was carefully placed on
the gel phantom in contract with the degassed water in a prone position. A 3-inch surface coil was
placed around the animal to receive the MR signals. A small acoustic phantom was placed beside the
mouse for the purpose of the beam focus verification. A small warm water bag was placed on the
animal to keep its body temperature. Three localization MR sequences were performed. The interface
between the phantom and animal skin was carefully checked on MR images for the gas bubbles. The
animal was removed immediately after the HIFU treatment. The Mice were warmed, monitored and
allowed to recover from anesthesia (1).

Evaluation of the ultrasonic parameters derived from the acoustic phantom for enhanced drug delivery
in prostate tumors in mice using doxorubicin.

A pilot study was performed on mice with human prostate cancer grown orthotopically to test if
MRgHIFU increases cellular uptake of doxorubicin (American Pharmaceutical partners, Inc., Los
Angeles, CA) by measuring the fluorescence quantitatively. The average of tumor volume was 160 +
27 mm’, as measured by MR. Eight animals were used for this study. The first group included 3 mice.
The first mouse was used for MRgHIFU+ doxorubicin (10 mg/kg); mouse 2 was used for doxorubicin
(10 mg/kg) injection only and mouse 3 was used as a control. The second group included 4 mice. Mice
1 and 2 were used for MRgHIFU+ doxorubicin (10 mg/kg), and mice 3 and 4 were used for
doxorubicin injection (10 mg/kg) only. We also used one animal for MRgHIFU + doxorubicin (20
mg/kg). Note that here we increased the doxorubicin dose from 10 mg/kg to 20 mg/kg to compare if
the doxorubicin uptake increases with dose.

The animal was treated with pulsed ultrasound using 1 MHz; 4 W of acoustic power, pulse width 0.1 s,
and duty cycle: 50% (5 Hz frequency with 0.1s power on, 0.1s power off) for 60 seconds. During the
MRgHIFU treatment, phase MR images were used for measurement of the temperature in the focal
spot. It was found that the temperature elevation was below 4 °C based on MR thermometry for the
ultrasonic parameters used. The time for the whole treatment procedure took approximate 1 h. All
animals tolerated well to ultrasound treatment. No skin toxicities were observed in any animals treated.

In our study, doxorubicin (10 mg/kg or 20 mg/kg) was injected by tail vein immediately after the
MRgHIFU treatment. Animals were sacrificed 2 hr after the injection. The determination of the 2 hr
time point was based on the assumption that 2 hours after the injection the drug would be effectively
accumulated in the tumor via blood circulation. Tumors were harvested and split, such that one half
was snap frozen and cut at 5 um thick for fluorescent images and the other half was prepared to
quantify fluorescent tracers. Fluorescence of the lysate was measured by a fluorometer (Aex = 485 nm,
Ahem = 538 nm). Our data showed that the concentration of doxorubicin in the treated tumors was
increased in the MRgHIFU treated group (n=3) compared with those without MRgHIFU group (n=3).
We did not find higher uptake for the mouse injected with a higher (20mg/kg) doxorubicin dose (data
not shown). Our results also showed that the distribution of doxorubicin was increased in tumors
treated with MRgHIFU.

Determination of the uptake of AS-MDM?2 in orthotopically grown LNCaP tumors in vivo

Based on the pilot study described above with increased uptake of doxorubicin in HIFU treated
animals we initiated an in vivo study to determine the cellular uptake of AS-MDM2 with MRgHIFU in
vivo. Human prostate cancer cells LNCaP (1x10°) were grown orthotopically in the prostates of 28
nude mice. Twenty-eight mice were divided randomly into 4 Groups (n=7/group): Group 1:
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MRgHIFU+AS-MDM2; Group 2: AS-MDM?2 alone; Group 3: MRgHIFU alone; Group 4: control.
The mice bearing implanted prostate tumors were treated under general anesthesia. The tumors were
treated with the acoustic power of 4 W, pulse width of 0.1 seconds, 50% duty cycle and 60 s (300
pulses) in one sonication. The focal peak was set within the target under the MR guidance. Multiple
sonications were used depending on the tumor size to cover the whole tumor. Immediately after the
ultrasound treatment 0.1 ml of AS-MDM2 (Microbac Laboratories, Inc), dissolved in PBS, was given
by tail vein injection at doses 25 mg/kg for Groups 1 and 2.

Mice were sacrificed 6 and 24 hr after injection of AS-MDM?2 regardless of whether or not they were
exposed to MRgHIFU. The tumors were removed and fixed in 10% buffered neutral formalin and
paraffin-embedded for assessment of protein expression by mmunohistochemical staining. The
expression levels of MDM2, p53 and p21 proteins were quantified using an image-analysis system
(ACIS, Chromavision Medical Systems, Inc., San Juan Capistrano, CA). Our results showed that there
were no significant differences between groups treated with and without MRgHIFU both 6 hours and
24 hours after the MRgHIFU treatment although we observed blood cell extravasations on H&E
staining in the MRgHIFU treated tumors, as compared to other groups. It seemed that one single AS-
MDM injection did not knock down MDM2 or result in an increase in p53 and p21. Since it was not
certain as whether the immunohistochemical staining results accurately reflect the effects of AS-
MDM?2 (either due to measurement threshold or timing), we proceeded with direct outcome
measurements. The effect of multiple MRgHIFU and AS-MDM2 treatments on the inhibition of
LNCaP tumor growth was measured subsequently (see below).

To establish the efficacy of increased AS-MDM?2 in inhibiting prostate tumor cell growth in vivo

There were 3 groups with 7 LNCaP-bearing mice per group. The 3 groups were: Group 1, MRgHIFU
+ AS-MDM2, Group 2, AS-MDM2 alone, and Group 3, Sham MRgHIFU. The experimental
procedures were as follows:

Group 1: When tumor grew to the size about 60 mm’ (about 4 mm in diameter), as determined by MRI,
we started to treat with MRgHIFU for 6 treatments over three weeks (2 treatments per week, i.e.,
Monday and Friday). Each treatment was followed by an i.p. injection of AS-MDM (25 mg/kg)
immediately after each MRgHIFU treatment. The dose of AS-MDM2 was determined based on our
previous study (3).

Group 2: AS-MDM2 alone (25 mg/kg) was administered for 6 treatments over three weeks (2
treatments per week, i.e., Monday and Friday).

Group3: These tumor-bearing mice comprised the sham MRgHIFU group.

The tumor growth for each group was determined by measuring the tumor volume by MRI. The tumor
volume was collected weekly for each mouse after initiating the treatment. The mice were sacrificed
when tumor reached about 600 mm® or 7 weeks after treatment whichever comes first. Our results
showed that there were no significant differences between the groups with and without MRgHIFU
treatment.

Determination of the uptake of AS-bcl-2 in orthotopically grown LNCaP tumors

In parallel, we also performed experiments to determine the optimal uptake of AS-bcl-2 in
orthotopically grown LNCaP tumors. The prostate tumor was exposed to HIFU using optimal
ultrasound parameters derived from our phantom study. The antisense agents (25mg/kg) were injected
by tail vein immediately after the HIFU exposure. There were 3 groups: Group 1, control; Group 2,
AS-bcl-2 injection (by tail vein) alone, tumors were removed at 4 hr, 6 hr, 12 hr, 24 hr, 48 hr and 72 hr
after a single treatment respectively; and Group3, HIFU + AS+bcl-2 with tumor removed at 24 h after
a single treatment. The tumors in Group 3 were treated using HIFU with the the following parameters:
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acoustic power of 4W, pulse width of 0.1 sec, 50% duty cycle and 1 minute exposure duration (300
pulses per sonication) for one sonicaion. Multiple sonications were used (up to 10 sonications) to cover
the whole tumor volume depending the tumor size. Mice were sacrificed at predetermined time points.
Tumors were removed and one part snap frozen for Western blot analysis using anti-bcl-2 mouse
monoclonal antibody (clone 124, DAKO, Carpinteria, CA) at 1:500 dilution and anti-beta actin
antibody (Calbiochem, San Diego, CA) as a loading control at 1:5000 dilution, and the other part fixed
in formalin and paraffin-embedded for immunohistochemical (IHC) analysis using anti-bcl-2 (1:50
dilution) and anti-p53 mouse monoclonal antibody (clone DO-7; DAKO) (1:200 dilution). Frozen
tumors were homogenized and lysed on ice. Protein samples from each experimental group were
mixed and pooled together. Protein concentration was determined using the BCA protein assay. 30ug
of total protein was fractionated by SDS-PAGE electrophoresis and transferred to PVDF membranes.
Primary antibody incubation was carried out overnight at 4°C; membranes were then washed and
incubated with secondary antibody for 1 hour at room temperature. Proteins of interest were detected
using the ECL detection kit (Pierce).

As shown by Western blot analysis (see our second report) there was no change in Bcl-2 protein
expression among different groups and time points. Antisense treatment did not cause a reduction in
Bcl-2 protein levels. The protein levels were uniform between the groups. We therefore examined the
protein expression in these tumors by immunohistochemistry (IHC).

Measurement of Bcl-2 and p53

Protein expression levels were quantified using an image-analysis system Aperio ScanScope (Aperio
Technologies Inc., Vista, CA). The IHC slides were converted to digital images with the ScanScope
CS slide scanner and the automated quantification of staining was performed using the ImageScope
Analysis Software, version 9 (Aperio), analogous to clinical pathology methods. On average 10
random areas in the tumor tissue containing tumor cells were analyzed under a 20x magnification.

Our results showed that Bcl-2 expression was low in all groups (ranged from 0.4% to 0.9% on average)
and no significant differences between the treatment groups and time points. This is in agreement with
the western blot data. No down-regulation of Bcl-2 was observed in prostate tumors with AS-Bcl-2 or
AS-Bcl-2+HIFU treatments, which may be due to a low level of expression of Bcl-2 in these tumors.

Since our study results from both AS-MDM2 and AS-Bcl2 showed statistically insignificant
differences in AS-MDM2 and Bcl2 uptake between groups treated with and without MRgHIFU at
different time points there were no significant differences in tumor growth delay between the groups
with and without MRgHIFU treatment with AS-MDM?2 experiments, a series of experiments were
further conducted to answer the question as whether the negative results were caused by the
ineffectiveness of AS-MDM and AS-Bcl2 or by sub-optimal focused ultrasound treatment parameters
used in our experiments. Experiments were performed using chemo therapeutic agents, Docetaxel and
Doxorubicin (Dox) as those agents have been clinically proven to be effective in prostate cancer
therapy. We summarized these studies below.

Study of intratumoral uptake of [3H]-docetaxel in vivousing MRgHIFU

In order to answer the question as whether the negative results were caused by the ineffectiveness of
AS-MDM or inadequate focused ultrasound treatment parameters used in our experiments we
performed extensive animal studies using docetaxel.
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Docetaxel, either as a single agent or combined with others, has shown a survival benefit in prostate
cancer patients. It has been routinely used in the clinic for the treatment of advanced hormone
refractory prostate cancer (9-10) and other tumors (11-12). Docetaxel is also a potent radio-sensitizer
(13). The purpose of this study was to investigate the possibility of the enhancement of [3H]-docetaxel
uptake in prostate tumors implanted orthotopically using pulsed (MRgHIFU) using the same HIFU
treatment parameters used for gene therapy described above. The rationale of the study is that if the
delivery of 3H-docetaxel is enhanced in the treated prostate tumor then the insignificant results from
the gene therapy experiments would be due to the ineffectiveness of the gene drug rather than HIFU
treatment parameters that we used.

Animal treatment

When the tumor volume reached 140+10 mm® on MRI, MRgFUS treatment was performed. The
tumor-bearing animals were randomly divided into three groups (n = 8 per group). The three groups
are group 1, MRgFUS treatment + ["H]-docetaxel i.v. injection (by tail vein); group 2, [’H]-docetaxel
1.v. injection only; and group 3, as control. For group 1, each mouse was treated with MRgFUS. MR
images were used for target delineation, treatment planning and monitoring of temperature elevation
during treatment. Immediately after ultrasound treatment, the animal received a single dose of i.v.
injected docetaxel (Taxotere; sanofi-aventis U.S. LLC, Bridgewater, NJ) at 15mg/ kg mixed with [3H]-
docetaxel (American Radiolabeled Chemicals, Inc.) at 50 puCi/kg in a total volume of 150 ul (9).
Animals in group 2 were treated the same as in group 1, however without the MRgFUS treatment.
Animals in group 3 were served as control. Animals were euthanized 30 min after i.v. injection with or
without the MRgFUS treatment, and tumors were removed and processed.

Animals were treated with pulsed ultrasound using 1 MHz, 4W acoustic power and the 81 mode
setting (5 Hz frequency with 0.1s power on, 0.1 s power off) for 60 s for each sonication (the same as
for AS-MDM?2 and AS-Bcl2). The time-averaged acoustic focal intensity was approximately 220W
cm’® determined based on the acoustic power and the beam cross-sectional area. The whole tumor
volumes were covered with multiple focal spots (6—8 spots) depending on the tumor size.

Drug assay in tumor

The animal was euthanized 30 min after i.v. injection. The determination of the timing was based on
the assumption that 30 min after drug administration, there would be reasonable drug concentration in
the tumor volume through blood circulation. The tumor was removed, weighted and placed in a vial.
The solvable solution (PerkinEkmer, Boston, MA) was added in the vial with a concentration of 12 pl/
mg for tumor sample digestion. The vial was suspended in a water bath at a temperature of 55 °C for 1
h. The vial was placed on the fisher vortex for convolution. Immediately after the convolution, the
tumor solute sample of 900 pl (contain 75 mg tumor weight) was drawn and placed into a new vial.
The new vial was given 0.2 ml of 30% hydrogen peroxide for 30 min at 55 °C for discoloration.
ScintiverseTM BD cocktail of 10 ml was added in the vial for 1 h. The radioactivity of [3H]-docetaxel
in the tumor tissue was then quantitatively measured by a liquid scintillation counter.

Statistical analysis
Statistical analysis was performed using SPSS (Statistical Package for the Social Sciences). Statistical

significance among experimental groups was determined using the one-wayANOVA least significance
difference (LSD) test. A p-value of <0.05 was considered to be significant.
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The study results demonstrated increased [3H]-docetaxel concentration in tumors in the MRgFUS-
treated group (1079 £ 132 cmp/75 mg) versus those without the MRgFUS treatment (524 £201 cmp/75
mg) with P = 0.037. The results were analyzed over 34 mice, which showed initial tumor volumes in
the range from 123 to 246 mm®’. Mice with lager tumor volumes (greater than 140 £10 mm®) were
excluded to minimize the dose heterogeneity in the tumor volume due to hypoxia and center tumor
necrosis. In the model system proposed, MRgFUS is hypothesized to improve the delivery of docetaxel
into human prostate tumors grown orthotopically in nude mice. Our results indicated that it is true that
docetaxel delivery in implanted tumors can be enhanced by focused ultrasound and MRI played an
important role in on-line target delineation, treatment planning and treatment effect monitoring. The
significance of our study is not only to demonstrate the enhancement of the docetaxel delivery in
prostate tumor using focused ultrasound but more importantly to demonstrate a technique that is
capable of performing studies on a small animal model using a clinical treatment system. These results
will be helpful to other investigators who have the same treatment systems to perform clinical
translational studies on the fast track. This study was published in the journal of Phys. Med. Biol (3).
Based on our publication and presentations in conferences we have helped other institutions such as
UCLA, City of Hope, etc. in applying our experimental techniques for small animal studies on drug
delivery.

Based on the evidence of the 3H-docetaxel enhancement using MRgHIFU we also evaluated the
efficacy of the enhancement of docetaxel by pulsed MRgHIFU in combination with radiotherapy (RT)
for treatment of prostate cancer in vivo. LNCaP cells were grown in the prostates of male nude mice.
When the tumors reached a designated volume by MRI, tumor bearing mice were randomly divided
into seven groups (N = 5): (1) MRgHIFU alone; (2) RT alone; (3) docetaxel alone; (4) docetaxel +
MRgHIFU; (5) docetaxel + RT; (6) docetaxel + MRgHIFU + RT, and (7) control. MR-guided HIFU
treatment was performed using our MRgHIFU system. Animals were treated once with MRgHIFU,
docetaxel, RT or their combinations. Docetaxel was given by i.v. injection at 5 mg/ kg before
MRgHIFU. RT was given 2 Gy after MRgHIFU. Animals were euthanized 4 weeks after treatment.
Tumor volumes were measured on MRI 1 and 4 weeks post-treatment. Results showed that triple
combination therapies of docetaxel, MRgHIFU and RT provided the most significant tumor growth
inhibition among all groups, which may have potential for the treatment of prostate cancer due to an
improved therapeutic ratio. This study has been published in the journal of Phys. Med. Biol (2).

Based on our studies above, it is evident that MR guided pulsed HIFU can be used for enhancement of
drug delivery in the prostate tumors without damaging to normal tissues. More studies are warranted
on the mechanisms and the optimal treatment parameters to maximize the drug delivery enhancement.
In order to study the optimal treatment conditions we have done further studies on both acoustic
phantom and animals, as described below.

Quantitative study of focused ultrasound enhanced doxorubicin delivery to prostate tumor in vivo with
MRI guidance

The purpose of this study was to study the optimal MRgHIFU treatment parameters to maximize the
drug delivery enhancement. Doxorubicin was chosen for this study not only because it is an antitumor
drug but also it is inherent with fluorescent property that can be used for accurate measurement of the
drug concentration in excised tumor tissues quantitatively. In addition, it can be also used for the
determination of spatial drug distributions using fluorescent images as demonstrated in our pilot study.

10
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We expected to see similar effects as those obtained with 3H-docetaxel. Hypothesis: reliable
treatment conditions will be reproducible and the drug enhancement effect can be quantified using
independent measurement techniques.

First, experiments on a tissue mimic phantom to determine the optimal acoustic power and exposure
durations with a 10% duty cycle and a 1 Hz pulse rate were performed. The temperature variation was
monitored using real-time MR thermometry. With the given duty cycle of 10%, pulse rate 1 Hz, and
acoustic frequency 1 MHz, the phantom was sonicated with various acoustic powers ranging from 10
to 50 W and sonication durations ranging from 10 to 60 s in 10 W and 10 s increments, respectively.
The temperature elevations in the focal zone were measured for each pair of parameters (i.e., acoustic
power and sonication duration) using MR thermometry, which is a machine built-in software function.
The relation of the temperature elevation to acoustic power and exposure duration was plotted by
bilinearly interpolating the measured data.

Second, tumor-bearing animals were treated with MRgHIFU. There were three groups (n=8/group):
group 1 received MRgHIFU +Dox (10 mg/kg i.v. injection immediately after MRgHIFU exposure),
group 2 received Dox only (10 mg/kg i.v. injection), and group 3 was a control. Tumor-bearing mice
from group 1 were exposed to MRgHIFU using the following parameters: 1 MHz ultrasound, 25 W
acoustic power, and 1 Hz pulse rate with a 10% duty cycle for 60 s for each sonication spot. A total of
four to eight sonication spots were used to cover the entire tumor volume depending on the tumor size.
The MRgHIFU parameters were selected based on our tissue phantom study. We believe that with the
same temperature elevation (<5C) by using higher acoustic power with short exposure duty cycle will
achieve better enhancement of drug livery. Tail vein injections (volume of 100ul) of Dox (10 mg/kg)
were given to mice in group 1 immediately after MRgHIFU exposure (within 10 min). Group 2
received the same Dox injection, but without MRgHIFU exposure. No treatment was given to the
control animals. Animals were euthanized 2 hrs after the MRgHIFU treatment. The Dox concentration
in the treated tumors was measured by quantifying fluorescent tracers using a fluorometer (3).

Third, the histological changes of tumors with and without MRgHIFU treatments were evaluated.
Finally, experiments were performed to study the spatial drug distribution in tumors after the
MRgHIFU treatment, in which two animals received MRgHIFU +Dox, two animals received Dox only,
and one animal was used as control. Two hours following the treatment, animals were euthanized and
processed. The Dox distribution was determined using a fluorescence microscope.

Results: Our parametric measurements using a tissue phantom showed that the temperature increased
with an increasing acoustic power (from 10 to 50 W) or sonication duration (from 10 to 60 s) with a
given acoustic frequency of 1 MHz, duty cycle 10%, and pulse rate 1 Hz. A set of ultrasound
parameters was identified with which the temperature elevation was less than 5 °C (11), which can be
used for nonthermal MRgHIFU sonication. It can also be used by other institutions with the same
clinical equipment. Increased Dox concentration (14.9+2.5 ng/g) was measured in the MRgHIFU-
treated group compared to the Dox-only group (9.5+1.6 pg/g), indicating an approximate 60% increase
with p=0.05. The results were consistent with the increased spatial drug distributions by fluorescence
imaging. Histological analysis showed increased extravasation in MRgHIFU-treated prostate tumors
suggesting increased drug delivery with MRgHIFU (3).

Based on these studies, we also explored the feasibility of pulsed high-intensity focused ultrasound
(pHIFU) for non-thermal cancer therapy. The InSightec MRgHIFU system was used in this study to
perform image-guided, non-thermal sonications (temperature < 40 °C, as measured by real-time MR
thermometry). Nude mice with implanted (LNCaP) prostate cancers were treated with pHIFU (1MHz;
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5&25W acoustic power, 0.1&0.5 duty cycle; 60sec duration). The animals were allowed to survive

for 4 weeks after the treatment. The tumor growth was monitored on a 1.5T MR scanner and compared
with the control group. Our results showed that significant tumor growth delay was observed in the
mice treated with pHIFU. The mean tumor volume for the pHIFU treated mice was 30% and 65%
smaller than that of the control mice for SW/0.5duty cycle and 25W/0.1duty cycle treatment settings,
respectively.

Key Research Accomplishments

We have accomplished the following tasks:

We performed experiments to characterize the output of the focused ultrasound unit using
MR guidance.

We performed phantom studies to determine the ultrasonic parameters including the
frequency, acoustic power and exposure duration for in vivo MRgHIFU drug delivery studies.
We developed techniques for prostate tumor implantation orthotopically.

We developed MRgHIFU treatment techniques for small animals using a clinical MRgHIFU
system (an InSightec ExAblate 2000 system and a GE 1.5 T MR scanner).

We verified ultrasound treatment parameters derived from phantom studies using tumor
bearing mice using Doxorubicin.

We performed animal studies on determination of the uptake of AS-MDM2 in the MRgHIFU
treated tumors.

We performed studies on the determination of the uptake of AS-bcl2 in MRgHIFU treated
tumors.

We performed studies on the determination of the efficacy of AS-MDM2+MRgHIFU in
inhibiting prostate tumor growth in vivo.

We performed in vivo experiments to investigate the use of MRgFUS for the enhancement of
chemotherapy agents in prostate tumors grown in nude mice using [3H]-docetaxel. We
demonstrated that the [3H]-docetaxel concentration in tumors treated with MRgFUS was
significantly increased compared with those without the MRgHIFU treatment.

We performed studies on pulsed ultrasound treatment parameters and a set of ultrasound
parameters has been established, which can be used by other institutions to study drug
delivery with the same clinical MRgHIFU treatment system.

We evaluated the drug enhancement in tumors for Dox by MRgHIFU using optimal
ultrasound parameters.

We performed experiments to investigate the effectiveness of the increased uptake of
docetaxel by MRgHIFU in combination with RT in prostate tumor control in vivo.
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Conclusions: Our study showed that drug uptake can be increased significantly by nonthermal HIFU.
These results demonstrate the clinical potential of MRgHIFU-mediated drug delivery for prostate
tumor treatment. By enhancing the local chemotherapeutic agent uptake in tumors, lower doses could
be used to achieve the same treatment efficiency while significantly reducing its side effects, leading to
improved quality of patient care. In addition, tumors exposed to pHIFU alone with similar parameters
also showed significant tumor growth delay (14). As a result, pHIFU may not only enhance the local
drug uptake but also cause additional tumor cell killing. These combined effects may provide a
promising modality for prostate cancer therapy.
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The effect of Gene therapy sing AS-MDM2 and bcl-2 is inconclusive even with the drug delivery
enhancement as demonstrated by [3H]-docetaxel. Future studies are warranted using optimal
MRgHIFU parameters and treatment regimens (and other gene drugs) to confirm our study results.
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Quantitative study of focused ultrasound enhanced doxorubicin delivery
to prostate tumor in vivo with MRI guidance

Xiaoming Chen, Dusica Cvetkovic, C.-M. Ma, and Lili Chen®
Department of Radiation Oncology, Fox Chase Cancer Center, Philadelphia, Pennsylvania 19111

(Received 29 November 2011; revised 22 March 2012; accepted for publication 5 April 2012;
published 24 April 2012)

Purpose: The purpose of this study was to investigate the potential of MR-guided pulsed focused
ultrasound (pFUS) for the enhancement of drug uptake in prostate tumors in vivo using doxorubicin
(Dox).

Methods: An antitumor drug Dox, an orthotopic animal prostate tumor model using human prostate
cancer, LNCaP cell line, and a clinical FUS treatment system (InSightec ExAblate 2000) with a 1.5T
GE MR scanner were used in this study. First, experiments on a tissue mimic phantom to determine
the optimal acoustic power and exposure durations with a 10% duty cycle and a 1 Hz pulse rate were
performed. The temperature variation was monitored using real-time MR thermometry. Second,
tumor-bearing animals were treated with pFUS. There were three groups (n = 8/group): group 1
received pFUS 4 Dox (10 mg/kg i.v. injection immediately after pFUS exposure), group 2 received
Dox only (10 mg/kg i.v. injection), and group 3 was a control. Animals were euthanized 2 h after the
pFUS treatment. The Dox concentration in the treated tumors was measured by quantifying fluores-
cent tracers using a fluorometer. Third, the histological changes of tumors with and without pFUS
treatments were evaluated. Finally, experiments were performed to study the spatial drug distribution
in tumors after the pFUS treatment, in which two animals received pFUS + Dox, two animals received
Dox only, and one animal was used as control. Two hours following the treatment, animals were eu-
thanized and processed. The Dox distribution was determined using a fluorescence microscope.
Results: Parametric measurements using a tissue phantom showed that the temperature increased
with an increasing acoustic power (from 10 to 50 W) or sonication duration (from 10 to 60 s) with a
given acoustic frequency of 1 MHz, duty cycle 10%, and pulse rate 1 Hz. A set of ultrasound
parameters was identified with which the temperature elevation was less than 5 °C, which was used
for nonthermal pFUS sonication. Increased Dox concentration (14.9 = 2.5 ug/g) was measured
in the pFUS-treated group compared to the Dox-only group (9.5 = 1.6 ug/g), indicating an approxi-
mate 60% increase with p=0.05. The results were consistent with the increased spatial drug
distributions by fluorescence imaging. Histological analysis showed increased extravasation in
pFUS-treated prostate tumors suggesting increased drug delivery with pFUS.

Conclusions: The results showed that pFUS-enhanced drug uptake in prostate tumors was significant.
This increased uptake may be due to increased extravasation by pFUS. Optimal pFUS parameters may
exist to maximize the drug uptake, and this study using Dox demonstrated a quantitative method for
such systematic parametric studies. In addition, this study may provide useful data for the potential
application of pFUS-mediated Dox delivery for prostate tumor therapy. © 2012 American Association
of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4705346]

Key words: doxorubicin, focused ultrasound, HIFU, prostate cancer

I. INTRODUCTION

Pulsed high-intensity focused ultrasound (pFUS) is able to
create acoustic cavitation (microbubbles) in the focused
region of tissues. It has been suggested that these microbub-
bles can increase the permeability of the local vascular wall
and cell membrane.'™ It is also suggested that radiation
force may induce local tissue dilation and thus widen the in-
terstitial space to enhance the interstitial transport.>* Con-
ventionally used for thermal ablation, high-intensity focused
ultrasound was recently explored as a technique to enhance
local drug delivery to tissues by using the pulse mode with
low acoustic powers and duty cycles, which will maintain
an insignificant local temperature elevation thus avoiding
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thermal damage. For simplicity, the term “nonthermal” is
used in this work to refer to this safe temperature working
zone of pFUS in contrast to thermal ablation. With pFUS,
energy is delivered and focused to the treatment target by
ultrasound waves without invasion to normal tissues. With
the guidance of magnetic resonance imaging or diagnostic
ultrasound, accurate targeting can be achieved. Previous
experiments on small animals have demonstrated that
focused ultrasound exposure can enhance the delivery of dif-
ferent agents into tumors®™® or disrupt the local blood—brain
barrier in a reversible Way.9’10 For example, Dromi et al’
used pFUS-induced mild temperature elevation (4-5°C)
to trigger Dox-loaded low-temperature-sensitive liposomes
and thus enhance the delivery of doxorubicin (Dox) in a

© 2012 Am. Assoc. Phys. Med. 2780
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mouse mammary tumor model. Hancock er al.* showed the
enhanced delivery of a variety of fluorophores in the calf
muscle of mice when combined with pFUS exposure, while
Hynynen et al.’ investigated the local and reversible blood—
brain barrier disruption by noninvasive pFUS and looked at
the suitable acoustic parameters for trans-skull sonications.

These preliminary studies used custom ultrasound devices
that were tested in different animal tumor models. Although
the results are promising, the translation of these techniques
to clinical application requires extensive studies. Detailed
studies are still necessary to examine the potential clinical
applications of pFUS on other drugs and tumor types. Inves-
tigations of optimal pFUS parameters are also critical in
order to maximize the enhancement of therapeutic agent
uptake in treated tumor volumes. Developing quantitative
methods to evaluate the pFUS enhancement would be neces-
sary for such a systematic parametric study. Furthermore,
MRI can be used for tumor delineation, treatment planning,
and ultrasound beam placement with 1 mm accuracy. MRI is
also used to monitor the therapeutic effects of pFUS in real
time by monitoring the temperature changes using MR ther-
mometry. The MR-guided pFUS technique is increasingly
accepted and has been integrated in several clinical FUS sys-
tems such as ExAblate 2000 (InSightec Ltd., Tirat Carmel,
Israel) and Sonalleve (Philips Healthcare, Andover, MA).
Animal studies with these clinical devices would be useful
to facilitate future preclinical evaluations.

In this study, Dox was delivered to prostate tumors with
the aid of MR-guided pFUS. Dox has been chosen for this
study as it inherits fluorescent substance that allows us to
evaluate the effects of the pFUS treatment by measuring the
drug concentration in the treated tumor volume quantita-
tively using a fluorometer,'' and the spatial drug distribution
can be viewed by fluorescent imaging. In addition, it is an
anthracycline antibiotic used for treatment of a wide spec-
trum of malignancies including prostate cancers. Clinical
trails of Dox are being conducted for prostate cancers, espe-
cially for hormone refractory diseases.'>”'* However, the
effectiveness of Dox is limited due to its high toxicity
and side effects such as alopecia, acute nausea, vomiting,
stomatitis, and suppression of bone marrow.'>"'” Accumula-
tive uptake by the heart may cause cardiotoxicity and heart

\ FUS treatment
MR scanner i
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failure.'® Repeated administration may also lead to strong
multidrug resistance response in tumor cells.'® To reduce its
toxicity and side effects, new strategies were proposed to
reduce the normal tissue uptake or offset the side effects of
Dox. For example, Dox was encapsulated in the liposome to
prolong the circulation time, reduce normal tissue uptake,
and enhance accumulation in tumors.'*' Treatment regi-
mens combining Dox with other drugs such as sildenafil was
also investigated to offset the side effects of Dox.'> From a
drug delivery viewpoint, enhancing the local uptake of Dox
in prostate tumors would reduce the total dose needed for the
same therapeutic efficacy and, therefore, reduce the toxicity
and side effects.

The purpose of this study was to quantitatively investigate
the effect of MR-guided pFUS on the uptake of Dox in pros-
tate tumors in vivo. An orthotopic animal prostate tumor
model was developed using a human LNCaP tumor cell line
to best mimic a clinical scenario. A clinical FUS system,
Insightec ExAblate 2000, which received FDA clearance for
the treatment of uterine fibroids, was used with a 1.5T GE
MR scanner for MR-guided pFUS treatment. We hypothe-
sized that the enhancement of intratumoral uptake of Dox
may improve tumor growth inhibition without increasing
systemic toxicity or using lower doses to achieve the same
treatment efficacy with reduced systemic side effects. This
quantitative study will test the method for a future systemic
parametric study to maximally enhance the tumor uptake.
The results may also provide important preclinical data for
the use of pFUS as a modality to enhance drug delivery for
the treatment of prostate cancers.

Il. MATERIALS AND METHODS
ILA. Study of the pFUS treatment parameters

In order to avoid potential thermal damage, a tissue
phantom study was conducted to evaluate the pFUS-induced
temperature elevation with various acoustic power and soni-
cation duration. An approximately cylindrical tissue phan-
tom (diameter = ~10 cm, length = ~13 cm) provided by the
vendor (InSightec Ltd., Tirat Carmel, Israel) was used. The
experiment setup was similar to the animal experiment
described below (Fig. 1) except that a larger surface coil

prostate tumor

gel pad

water

ultrasound L
beam

transducer

Fic. 1. Experimental setup for MR-guided pFUS exposure of prostate tumors in mice. The setup includes an MR scanner, pFUS treatment table, an acoustic
gel pad, and a small RF surface coil. The mouse was in a prone position and the ultrasound beam was delivered from below. A small tissue phantom was also
placed next to the mouse to verify the accuracy of the focal ultrasound delivery before treatment.
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(diameter = ~15 cm) and a tissue phantom were used. The
tissue phantom was manufactured by ATS Labs, Inc.
(Bridgeport, CT) with acoustic properties similar to those of
human soft tissue (the attenuation coefficient =0.503 dB
cm! MHzfl; speed of sound = 1538 MPS; estimated spe-
cific heat =2.684 cal/g). With the given duty cycle of 10%,
pulse rate 1 Hz, and acoustic frequency 1 MHz, the phantom
was sonicated with various acoustic powers ranging from 10
to 50 W and sonication durations ranging from 10 to 60 s in
10 W and 10 s increments, respectively. The temperature
elevations in the focal zone were measured for each pair of
parameters (i.e., acoustic power and sonication duration)
using MR thermometry, which is a machine built-in software
function. The relation of the temperature elevation to acous-
tic power and exposure duration was plotted by bilinearly
interpolating the measured data.

II.B. Orthotopic prostate tumor model

An animal prostate tumor model was developed by
implanting human prostate cancer LNCaP cells in the pros-
tates of nude mice. The cells were obtained from the American
Type Culture Collection (ATCC) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM)-F12 medium, containing
10% fetal bovine serum (FBS), 1% L-glutamine, and 1%
penicillin—streptomycin as described previously.®?° Male
athymic Balb/c nude mice (6 weeks old) were purchased from
Harlan (Indianapolis, IN). Animal studies were carried out in
compliance with a protocol approved by the Institutional Ani-
mal Care and Use Committee (IACUC) of Fox Chase Cancer
Center (FCCC). Aseptic techniques were used for injection of
LNCaP cells in the prostates of nude mice as described previ-
ously.® Nude mice were anesthetized using methoxyflurane. A
lower midline incision was made above the presumed location
of the bladder. The dorsal prostate lobes were exposed and
1 x 10° LNCaP cells in 25 ul volume were injected with a
30-gauge needle. The incision was sealed by suturing the mus-
cle layer and using two—three wound clips for the skin layer.
Buprenorphine was given immediately after the tumor implan-
tation for pain relief.

I.C. MR-guided pFUS exposure

The prostate tumor volume was monitored weekly after tu-
mor implantation using a 1.5T GE MR scanner (GE Health-
care, Waukesha, WI). Animals were anesthetized for MR
scanning with an intramuscular (i.m.) injection of a mixed so-
lution of ketamine (60 mg/kg) and acepromazine (2.5 mg/kg)
in 15 pl volume. A 15-min anesthesia was required to immobi-
lize the animal during MR scanning. When the prostate tumor
volume reached approximately 100 mm®, treatment was initi-
ated. Tumor-bearing mice were randomly assigned to one of
the three experimental groups (n = 8/group): (1) Dox follow-
ing pFUS exposure (pFUS 4 DOX group), (2) Dox only
(DOX group), and (3) a control group. MR-guided pFUS treat-
ment was performed using the ExAblate 2000 (InSightec Ltd.,
Tirat Carmel, Israel) with a 1.5T GE MR scanner. Figure 1
shows the experimental setup. Animals were anesthetized for
the pFUS treatment with ketamine and acepromazine in 30 ul
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volume i.m. and placed on an acoustic gel pad, which was laid
on the FUS treatment table. Caution was taken to ensure that
the mouse, the acoustic gel, and the treatment table were well
coupled acoustically to avoid the formation of air bubbles. A
ring-shaped surface coil (diameter = ~8 cm) was used for the
MR signal detection. T2-weighted MR images were acquired
using a fast-recovery fast spin-echo (FRFSE) sequence with
parameters: TR/TE =2200/85 ms, NEX =3, matrix =288
x 288, FOV =7 x 7 cm” (resolution = 0.243 x 0.243 mm?),
and slice thickness = 2 mm. Both coronal and axial scans were
performed and the acquired MR images were loaded immedi-
ately into the FUS treatment planning system for treatment
planning (Fig. 2).

Nonthermal sonications were delivered by keeping the
body temperature below 42 °C. The body temperature during
sonication was monitored in real time (~3 s delay) by MR
thermometry using a temperature-induced proton resonance
frequency shift method. MR thermometry scans were
acquired using a fast spoiled gradient echo (FSGR) sequence
with parameters: TR/TE =25.9/12.8 ms, flip angle =30°,
NEX =1, number of echo=1, FOV =22 x 22 cmz, matrix
=256 x 128, and slice thickness =3 mm. Tumor-bearing
mice from group 1 were exposed to pFUS using the follow-
ing parameters: 1 MHz ultrasound, 25 W acoustic power,
and 1 Hz pulse rate with a 10% duty cycle for 60 s for each
sonication spot. During the pFUS treatment, temperature ele-
vations between 4 and 5 °C were observed under these pFUS
parameters. The focal length was 98—102 mm and the aper-
ture of pFUS transducer was 12 cm. The ultrasound focal
zone is an elongated ellipsoid with a longitudinal length of
6.8 mm (—3 dB) and a radial diameter of 1.25 mm (-3 dB).
The estimated peak-negative pressure in the focal zone was
7.8 MPa and the average acoustic intensity was 20.4
W/mm?. A total of four—eight sonication spots were used to
cover the entire tumor volume depending on the tumor size.
The pFUS parameters were selected based on our tissue
phantom study. Tail vein injections (volume of 100 ul) of
Dox (10 mg/kg) were given to mice in group 1 immediately
after pFUS exposure (within 10 min). Group 2 received the
same Dox injection, but without pFUS exposure. No Dox
injection was given to the control animals.

I.D. Assay for intratumoral doxorubicin content

Mice were euthanized 2 h after the Dox injection assum-
ing the drug had circulated into the prostate tumor. Prostate
tumors were excised, weighed, and homogenized in Eppen-
dorf 1.5 ml tubes. A lysis buffer (800 ul) containing 3%
hydrochloride, 48.5% ethanol, and 48.5% double-distilled
water was added to tissue homogenates, vortexed, and stored
in the dark at 4 °C overnight. The next day the lysates were
centrifuged at 5000 rpm for 10 min at 4 °C and supernatants
were collected. Three 100 ul supernatant aliquots from each
sample were placed in 96-well plates and read with a Fluo-
roskan Ascent microplate fluorometer and luminometer (ex-
citation at 485 nm; emission at 538 nm; Thermo Fisher
Scientific, Waltham, MA). Fluorescence readings were com-
pared with values from a standard calibration curve. The
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Fic. 2. (a) MR coronal and axial views of a typical
mouse prostate tumor for pFUS treatment. (b) Real-
time treatment planning based on acquired MR images
(top: coronal view of sonication spot distribution; mid-
dle: axial view of ultrasound beam passing through the

calibration curve comprised serial dilutions of Dox and
related the fluorescence readings to the Dox mass [Fig. 4(a)].
The total amount of Dox in each tumor sample was normal-
ized to its weight and expressed as microgram of Dox per
gram of tumor weight. Fluorescence values of the control
samples were subtracted as background.

ILLE. Light and fluorescence microscopy analysis

A separate experiment was conducted to compare the Dox
distribution in the tumor tissue with and without pFUS treat-
ment using fluorescence microscopy. Five tumor-bearing
mice were used for this experiment; two received pFUS and
Dox as described above, and two received Dox only. One ani-
mal received no treatment and was used for determination of
the background levels of fluorescence in the tissue. Two
hours following the treatment, animals were euthanized,
tumors were harvested, snap frozen in liquid nitrogen, and
cut into frozen sections using Leica CM 1850 cryostat (Leica
Microsystems GmbH, Wetzlar, Germany). Tumor sections
were examined using the Eclipse600 microscope (Nikon
Instruments, Inc., Melville, NY) to determine the difference
of the spatial Dox distribution among various groups.

An additional experiment was conducted to compare histo-
logical changes between pFUS-treated prostate tumors (n = 3)
and control, untreated tumors (n = 3) using light microscopy.
Tumor-bearing mice were given the same pFUS exposures as
described above and euthanized within 30 min of treatment.
Prostate tumors were removed, fixed in 10% neutral buffered
formalin, and embedded in paraffin. Paraffin blocks were
used to generate the hematoxylin and eosin (H&E)-stained
sections. Slides were examined using a light microscope
(Nikon) to observe histological changes after pFUS treatment.

IL.LF. Statistical analysis

Measured tumor Dox concentrations were analyzed statisti-
cally. The mean and standard deviation of the mean (SEM)
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tumor and the surrounding materials; bottom: a zoomed
coronal view of sonication spots covering the mouse
prostate tumor). Planned sonication spots had a cylin-
drical shape with a diameter of 3.8 mm and a length of
10.3 mm.

were calculated and the results were expressed as mean = SEM.
To determine if there was a significant difference between
treated and control groups, Student’s #-test was used and a
p-value < 0.05 was considered to be significant.

lll. RESULTS
lllLA. pFUS-induced temperature elevation

Figure 3 shows the pFUS-induced temperature elevation
based on the tissue phantom study using our experimental
pFUS system (at acoustic frequency 1 MHz, duty cycle 10%,
and pulse rate 1 Hz). Assuming that biological tissues are
not damaged below 42°C, Fig. 3 suggested that at 25 W
acoustic power the exposure duration of 60 s would be safe
to avoid tissue damage (assuming a normal body tempera-
ture of 37°C and a <5 °C temperature elevation). It can be
seen that the temperature increases exponentially with the
acoustic power and the acoustic power and sonication dura-
tion follow an inverse relationship. When delivering the
same acoustic energy at a lower acoustic power, a lower
temperature increase was observed due to heat loss.

lll.B. Quantitative measurement of Dox uptake in
prostate tumor

Comparison of the Dox concentration in prostate tumors
between mice treated with pFUS (pFUS + DOX) and with-
out (DOX alone) showed a significant increase in Dox
uptake in treated tumors (Fig. 4). Dox concentration in the
pFUS-treated group was 14.9 =2.5 ug/g, while in the Dox
only group it was 9.5 = 1.6 ug/g. The difference between
these two groups was statistically significant (p =0.05).
There was an approximately 60% increase of Dox uptake in
the prostate tumors exposed to pFUS with the parameters
used in this study. These results were consistent with our
previous studies on Docetaxel.®
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FiG. 3. pFUS-induced temperature elevation using different acoustic powers
and sonication durations based on the tissue phantom measurement (acoustic
frequency: 1 MHz; duty cycle: 10%; pulse rate: 1 Hz). The red dashed line
indicates a 5 °C temperature elevation, which will increase the body temper-
ature to 42 °C, assuming a normal body temperature of 37 °C. The white
dotted line indicates the same acoustic energy delivered using different
acoustic power and the temperature elevation changes.

lll.C. Spatial Dox distribution in prostate tumor

The enhancement of Dox uptake in pFUS-treated tumors
was confirmed by fluorescence microscopy. Figure 5 shows
typical fluorescence micrographs of prostate tumor tissues
from the three different groups, i.e., control, Dox injection
only, and Dox injection after pFUS treatment. More Dox sig-
nals (emission from Dox) were observed in pFUS-treated tu-
mor tissues compared to those without pFUS treatment.
Images also show the inhomogeneous distribution of Dox in
prostate tumor tissues. The observed distribution was con-
sistent with findings of enhanced Dox uptake quantitatively
measured using the fluorescence technique (Fig. 4).

llI.D. Histology analysis

Figure 6 shows histological changes in prostate tumors
with and without pFUS treatment. A significant increase in
the blood cell extravasation was observed in the pFUS-
treated tumors compared with those without the pFUS treat-
ment. There were no implosion cysts>' observed in the tumor
tissues, indicating that no thermal damage occurred as was
observed in thermal ablation. The increase in the blood
extravasations demonstrated the increased permeability of
blood vessels in the tumor tissues. Other histological
changes such as extracellular matrix disintegration or
increased intracellular spacing were not clearly evident.

IV. DISCUSSION

Previous studies by other groups have demonstrated that
pulsed focused ultrasound can enhance local drug uptake in
tumors. These preliminary studies used either a custom-
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FiG. 4. (a) The doxorubicin fluorescence calibration curve showing the fluo-
rescence readings for different mass of Dox. (b) Comparison of tumor Dox
concentration between untreated (DOX) and pFUS-treated groups
(pFUS + DOX). Tumor Dox concentration is defined as microgram of Dox
per gram of tumor weight. In the pFUS + DOX group, it was 14.9 = 2.5 ug/g,
while in the DOX-only group it was 9.5 = 1.6 ug/g (p =0.05).

made ultrasound device or different animal models.*’*?

Detailed studies are necessary to investigate the potential
clinical applications of pFUS for individual drugs and tumor
types. For example, drug transport into tumor tissues is
affected by several factors, including agent permeability
across the blood vasculature and microenvironment differ-
ence between various types of tumors, such as interstitial
fluid pressure and tumor cell density.>> On the other hand,
tumor microenvironment changes induced by pFUS are most
likely related to the treatment parameters used and also
related to physical properties of the tumor itself. In this
study, we quantitatively investigated the doxorubicin uptake
in the prostate tumor with the aid of MR-guided pFUS. The
orthotopically implanted mouse prostate tumor model was
used to best mimic a clinical scenario. A commercially avail-
able clinical MR-guided pFUS system was used, which is
currently under investigation for its clinical use for pFUS-
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FiG. 5. Fluorescence photomicrographs of the Dox distribution in prostate
tumors for different groups (control, DOX: Dox injection only; pFUS
+ DOX: Dox injection after pFUS treatment). Images were acquired with a
magnification of 10x (left column) and 20x (right column).

enhanced drug delivery. Our study showed that pFUS expo-
sures significantly enhanced the uptake of Dox in prostate
tumors with increased blood extravasation.

The interactions between pFUS and tissues lead to several
effects including mild temperature elevation due to local
energy absorption, cavitation due to sufficiently low fluid
pressure, and tissue strain due to radiation force. Previous
mechanistic studies of pFUS enhancing effects suggested
that the temperature elevation has no significant contribution
to the delivery enhancement.?* Instead, it is more likely due
to the cavitation and radiation force that induce changes of
local tissue properties such as increased vascular permeabil-
ity and interstitial transport. In murine calf muscle exposed
to pFUS, cavitation was detected using an in vivo monitoring
technique.”® Enlarged gaps between mice muscle fibers
exposed to pFUS were clearly observed immediately or even
24 or 48 h after the pFUS treatment.* Extravasation was evi-
dent in several previous pFUS enhancement studies®’* as
well as in this study. From a biomechanics viewpoint, the
acoustic intensity or pressure applied on the tissue plays a
major role in cavitation and radiation force and may directly
determine the types of bioeffects. Previous pFUS studies

Medical Physics, Vol. 39, No. 5, May 2012

Chen, Lili o785

have used various acoustic intensities ranging from ~2.2.%
~11.1,7 ~13.7,%7% to ~26.6 W/mm® (Refs. 4, 24, and 26)
for different tissues such as tumors and muscle. While differ-
ent levels of pFUS enhancing effects were observed, it is
not clear which acoustic intensity will give the maximal
enhancement. A systematic parametric study using different
acoustic intensities would be necessary in future studies.

Practically, several issues must be investigated for the use
of pFUS as a modality to mediate the drug delivery to tumors,
such as the acoustic power, focal spot temperature, and time
point of drug injection. The temperature elevation at the focal
spot is affected by several factors including the energy input
rate, temperature gradient to surrounding region, and thermal
transfer coefficient of the material. Increasing the energy
input rate will increase temperature of the focal zone while a
large temperature gradient and thermal transfer coefficient
will increase the thermal flux out of the focal zone and
decrease the temperature. The balance between the acoustic
power and the heat loss in the focal zone determines the tem-
perature elevation. As a result, higher temperature elevation
was observed when using higher acoustic power, even though
the total energy delivered did not change as seen in Fig. 3. In
addition, a higher acoustic power of 25 W was used to
enhance the Dox uptake in tumor which has an estimated
peak-negative pressure of 7.8 MPa in the focal zone. Increas-
ing the acoustic power will increase the pressure at the focal
zone, which may finally lead to increased interstitial space
and vessel wall opening and enhance drug uptake in tumors.
However, in order to keep the final body temperature at a
safe level, the option to increase power is limited due to the
increased temperature as shown in Fig. 3. Higher pressure
also has a tendency to induce other effects such as eruption of
microbubbles.' The time point of drug injection may also
play an important role in optimal drug delivery enhancement.
In this study, drug was injected i.v. immediately after the
pFUS exposure. For clinical applications, this could be done
simultaneously with the pFUS exposure or at different time
points to achieve a better uptake.

The results from this study are consistent with our previous
study of enhanced [*H]-docetaxel uptake in prostate tumors,
where a lower acoustic power (4 W), higher duty cycle (50%),
and pulse rate (5 Hz) were used for pFUS treatment with the
same clinical MR-guided FUS system.® While the drug trans-
port properties might differ between Dox and Docetaxel,
enhanced uptake was observed in both studies with different
data analysis tools. In this study, Dox was used for quantitative
study by taking advantage of its fluorescence properties. Dox

Fic. 6. H&E staining of mouse prostate tumor without
pFUS treatment (a) and with pFUS treatment (b)
(x20). Note the increased extravasation of blood cells
in the pFUS-treated tumor.
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also has a relatively long circulation time which allows suffi-
cient plasma Dox concentration for the delivery enhancement
study. According to the previous studies on humans and
mice,'”?”?® the terminal half-life of Dox was approximately
25-30 h. The level of pFUS enhancing effects may be deter-
mined by pFUS parameters. Specific pFUS parameters may
exist to maximize the drug uptake enhancement, and further
studies are needed to investigate such optimal pFUS parame-
ters for maximal Dox uptake. This study provides a quantita-
tive method for such systematic studies.

This study showed that Dox uptake in prostate tumors can
be enhanced significantly by nonthermal pFUS. These
results demonstrate the clinical potential of pFUS-mediated
drug delivery for prostate tumor treatment. By enhancing the
local Dox uptake in tumors, lower doses could be used to
achieve the same treatment efficiency while significantly
reducing its side effects, leading to improved quality of
patient care. In addition, tumors exposed to pFUS with simi-
lar parameters also showed significant tumor growth delay.?
As a result, pFUS may not only enhance the local drug
uptake but also cause additional tumor cell killing. These
combined effects may provide a promising modality for
prostate cancer therapy. Future studies should be designed to
investigate the optimal pFUS parameters and treatment regi-
mens to achieve the maximal therapeutic effect.
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Abstract

The purpose of this study is to evaluate the efficacy of the enhancement
of docetaxel by pulsed focused ultrasound (pFUS) in combination with
radiotherapy (RT) for treatment of prostate cancer in vivo. LNCaP cells
were grown in the prostates of male nude mice. When the tumors reached
a designated volume by MRI, tumor bearing mice were randomly divided into
seven groups (n = 5): (1) pFUS alone; (2) RT alone; (3) docetaxel alone;
(4) docetaxel + pFUS; (5) docetaxel + RT; (6) docetaxel + pFUS + RT, and
(7) control. MR-guided pFUS treatment was performed using a focused
ultrasound treatment system (InSightec ExAblate 2000) with a 1.5T GE
MR scanner. Animals were treated once with pFUS, docetaxel, RT or their
combinations. Docetaxel was given by i.v. injection at 5 mg kg~! before
pFUS. RT was given 2 Gy after pFUS. Animals were euthanized 4 weeks
after treatment. Tumor volumes were measured on MRI at 1 and 4 weeks
post-treatment. Results showed that triple combination therapies of docetaxel,
pFUS and RT provided the most significant tumor growth inhibition among all
groups, which may have potential for the treatment of prostate cancer due to
an improved therapeutic ratio.

(Some figures may appear in colour only in the online journal)

1. Introduction

Focused ultrasound (FUS) has clinically emerged as a noninvasive therapy technique for
localized prostate cancer and other solid malignancies (Kennedy 2005). For clinical treatment,
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FUS is predominantly being used for thermal ablation in targeted tissues by continuous
deposition of focused acoustic energy. Pulsed FUS (pFUS) uses nonthermal effects at low
duty cycles that alter the tissue properties. Recent studies have suggested that pFUS exposure
may alter vascular or cell membrane permeability to enhance drug delivery in tumors in animal
models (Bednarski et al 1997, Nelson et al 2002, Dittmar et al 2005, Yuh et al 2005, Frenkel
et al 2006, Hancock et al 2009, Chen et al 2010). Enhancement of drug delivery to the tumor
target by pFUS exposures and its effect on tumor growth inhibition in vivo has been reported
by other investigators (Dittmar et al 2005, Dromi et al 2007, Poff et al 2008).

Radiation therapy (RT) is one of the primary treatments for prostate cancer. Although
there has been a reduction in failure rates with increased RT dose using sophisticated planning
and delivery techniques, local persistence of disease remains in many cases (Hanks et al 1998,
Pollack et al 2002, Jacob et al 2004). Androgen deprivation (AD) is one of the most common
additional treatments for advanced prostate cancer. Chemotherapy has been shown to prolong
median survival for hormone refractory disease (Tannock er al 2004, Petrylak er al 2004).
Docetaxel has become the standard first-line chemotherapy for the treatment of advanced
hormone refractory prostate cancer (Armstrong and George 2010).

In our laboratory, we have developed techniques for prostate tumor implantation
orthotopically. In a previous study, we developed MR-guided focused ultrasound (MRgFUS)
treatment techniques for a small animal model (nude mouse) using a clinical patient treatment
device (InSightec ExAblate 2000) together with a 1.5 T MR scanner (Signa Excite HD, GE
Healthcare, Milwaukee, WI, USA) for MR guidance during treatment. We performed in vivo
experiments to investigate the use of MRgFUS for the enhancement of chemotherapy in
prostate tumors grown in nude mice using [*H]-docetaxel. Our experimental data showed that
the [*H]-docetaxel concentration in tumors treated with MRgFUS was significantly increased
compared with those without the MRgFUS treatment (Chen et al 2010). The purpose of this
study is to investigate whether the enhancement of the docetaxel uptake using MR-guided
pFUS combined with RT will improve the tumor response in vivo.

2. Methods and materials

2.1. Cell culture and tumor model

Human prostate cancer LNCaP cells were obtained from the American Type Culture Collection
and cultured in Dulbecco’s modified Eagle’s medium (DMEM)-F12 medium, containing
10% fetal bovine serum (FBS), 1% L-glutamine and 1% penicillin-streptomycin as described
previously (Mu et al 2008). Male athymic Balb/c nude mice (6 weeks old) were purchased from
Harlan (Indianapolis, IN). All animal studies were carried out in compliance with approval of
both the institutional animal care and use committee (IACUC) and the institutional radiation
safety committee. Aseptic techniques were used for injection and implantation of LNCaP
cells in the prostates of nude mice as described previously (Mu et al 2008, Stoyanova et al
2007, Chen et al 2010). Nude mice were anesthetized using methoxyflurane. A lower midline
incision was made approximately 1.5 cm above the presumed location of the bladder. The
seminal vesicles were gently brought out through the incision and LNCaP cells (1 x 10°) in
25 ul of PBS (phosphate buffered saline) were injected into the dorsal prostate lobes using
a 30-gauge 1-inch needle. The incision was sealed by suturing the muscle layer (suture size-
4.0 silk) and 2-3 wound clips for the skin layer.
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2.2. MR imaging

2.2.1. Tumor volume measurement. Beginning at 3 weeks after the tumor implantation the
tumor volume was monitored weekly by MRI in a vertical wide-bore magnet equipped with
a Bruker DRX 300 console at a field strength of 7 tesla. The standard MR imaging protocol
was provided by the small animal imaging facility at Fox Chase Cancer Center (FCCC), as
described previously (Stoyanova et al 2007). Briefly, the tumor volumes were determined
by outlining tumors using the Paravision software supplied with the spectrometer, and then
summing the volumes from all the sections. The images were made with a two-dimensional
multislice spin echo pulse sequence. Repetition times were in the range of 400-600 ms, the
echo time was 13.2 ms, the slice thickness was (.75 mm and the in-plane resolution was 0.1 mm.
Signal averaging over two acquisitions brought the scan time to less than 4 min. This protocol
allowed us to visualize tumors with volumes as small as 5 mm?>. Animal preparation and scout
image acquisition brought the total MR imaging time to approximately 10 min per animal.
Prior to imaging, the mouse received an injection of 0.2 ml of the commercial contrast agent
Magnevist (Berlex Industries-Montville, NJ) diluted 10:1 with a physiological concentration
of saline. During imaging the mouse was anesthetized with a mixture of 1% isofluorane
in oxygen. When the tumor volume reached a designated size (see below) treatments were
initiated.

2.2.2. MRI for FUS. The ‘optimal’ MR imaging protocol for MRgFUS treatment with the
1.5 T scanner used in this study was based on our previous study (Chen et al 2010). The
protocol provides a high-quality image to identify the prostate tumor in a nude mouse within
approximately 1 h anesthesia time for the entire treatment procedure. The scans were first
performed for localization (three-dimensional) using a fast spin echo (FSE) image sequence
at low image quality with a 0.13 min scan time and then for the coronal image sequence with
a 7 min scan time to achieve high-quality imaging for tumor target identification. The MR
parameters were T2-weighted coronal FSE sequence; TR/TE = 2150/102 ms; bandwidth =
10.4 kHz; FOV = 9.0 x 9.0 cm; matrix: 384 x 384; NEX = 4; slice thickness = 2.0 mm/0.0
sp; frequency direction: SI and the spatial resolution: 0.23 mm. Based on the coronal image, an
axial FSE sequence was performed with a 4.25 min scan time. Figure 1(A) shows an example
of the high-quality images used for tumor delineation and treatment planning in real time for
this study.

2.3. Experimental setup

An ExAblate 2000 FUS system (InSightec-Tx-Sonics, Haifa, Israel and Dallas, TX) together
with a 1.5 T GE MR scanner was used for the pFUS treatment (figure 1(B)). The system
was installed in the Department of Radiation Oncology at FCCC in 2006. This treatment
system was approved by the FDA for treating uterine fibroids clinically. In our department
it is being used for treatment of painful bone metastases (Chen et al 2009), for preclinical
investigations of prostate and breast cancer ablation under the local Institutional Review Board
(IRB) approval (Ma et al 2009).

Quality control (QC) for the FUS treatment unit was performed according to the
procedures provided by the vendor to check the transducer output, the focal spot and the
electronic motion system before animal treatments as described previously (Chen et al 2010).
Mice were anesthetized by intraperitoneal injection of a mixture of ketamine (60 mg kg~!)
and ace-promazine (2.5 mg kg~'). Figure 1(B) shows the animal setup for pFUS treatments.
A gel pad was placed on the treatment table in line with the transducer. Degassed water was
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(A)

(B)

Figure 1. (A) MR images showing prostate tumors in a coronal view and an axial view obtained
ona 1.5 T MR scanner. (B) The FUS treatment table with a 1.5 T MR scanner and the animal setup
for the pFUS treatment.

used for the interface between the treatment table and the gel pad for the acoustic coupling.
Mice were carefully placed in the hole (approximately 5 cm x 5cm x 1 cm) of the gel pad,
which was filled with degassed water. A 3 inch surface coil was placed around the animal to
receive the MR signals. A small (4 cm x 2 cm x 2 cm) acoustic phantom provided by the
vendor was placed beside the mouse for verification of the location of the focal spot prior
to animal sonication (figure 1). The acoustic phantom was manufactured by ATS Labs Inc.
(Bridgeport, CT) with acoustic properties similar to those of human soft tissue (the attenuation
coefficient = 0.503 dB cm~! MHz~!; speed of sound= 1538 MPS; estimated specific heat=
2.684 cal/g). The phantom was not used for the validation of thermometry as the thermal
conductivity of the phantom was not available. A surgical glove filled with warm water was
placed on top of the mouse to protect the animal from hypothermia.

2.4. Pulsed focused ultrasound treatment

Pulsed-FUS treatment was performed using a method described in detail in a previous
publication (Chen et al 2010). Briefly, both coronal and axial MR images were loaded on
the focused ultrasound treatment workstation. The tumor was contoured, the skin surface was
delineated and a treatment plan was generated. Prior to focused ultrasound treatment, the
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Figure 2. A FUS treatment plan with multiple focal spots (arrows) covering the tumor target on
both coronal and axial images. The real-time temperature was monitored by MR thermometry.

effective focal spot was verified using the small acoustic phantom beside the animal using
MR thermometry. Animals were treated using the following parameters: 1 MHz; 5 W acoustic
power for 60 s with 50% duty cycle (0.1 s power on and 0.1 s power off) per sonication,
depending on the experimental design (see below). The time-averaged acoustic focal intensity
was approximately 220 W c¢cm~2 estimated using the acoustic power and the beam cross-
sectional area. The treatment parameters were derived from our acoustic phantom studies as
described by Chen et al (2010). The whole tumor volumes were covered with multiple focal
spots depending on the tumor sizes. Figure 2 shows real-time treatment planning for the pFUS
treatment. The tumor target was covered by multiple focal spots on both the coronal and axial
MR images. The temperature was monitored in real-time (~3 s delay) by MR thermometry.

2.5. Study design

Study 1: This is a pilot study aimed to determine a reasonable docetaxel dose and the FUS
treatment scheme. When the tumor volume reached 45 + 8.5 mm> on MRI, mice were
randomly assigned to four groups (n =5): (1) pFUS alone; (2) pFUS + docetaxel; (3) docetaxel
alone, and (4) control. For groups 1 and 2, each mouse was treated with pFUS under general
anesthesia for two fractions (one treatment per week for two consecutive weeks). For groups
2 and 3, each animal received docetaxel (Taxotere; sanofi-aventis U.S. LLC, Bridgewater,
NJ) by tail vein injection at 10 mg kg~! for two fractions (one injection per week for two
consecutive weeks). For group 2 the docetaxel was injected immediately after the pFUS
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treatment. For the control group, a sham FUS treatment was given. Animals were allowed to
survive for 4 weeks. The tumor volumes were measured by MR imaging at 1 and 4 weeks
after the treatment.

Study 2: Based on the results from study 1, both the docetaxel dose and the pFUS
treatment scheme were adjusted to reduce the systemic toxicities. When the tumor volume
reached 36 £+ 5.9 mm?® on MRI, mice were randomly divided into seven groups (n = 5):
(1) pFUS alone; (2) RT alone; (3) docetaxel only; (4) docetaxel + pFUS; (5) docetaxel + RT;
(6) docetaxel + pFUS + RT, and (7) control. Animals receiving the pFUS treatment were
only treated once. Animals receiving the docetaxel treatment were also treated once and the
dose was reduced to 5 mg kg~!. The docetaxel injection was performed before the pFUS and
RT treatment was performed immediately after the pFUS. For the RT treatment, animals were
restrained under general anesthesia in the supine position with tape in a jig and irradiated on
a Cesium 137 irradiator (model 81-14; J.L. Shepherd and Associates, San Fernando, CA).
A collimator was used to treat the prostate while protecting the lung, abdomen and legs
(Stoyanova et al 2007). Animals were allowed to survive for 4 weeks. Tumor volumes were
measured by MRI at 1 and 4 weeks after the treatment.

2.6. Data analysis and statistics

The relative tumor volume (TV) for each animal was calculated as a ratio of the tumor
volume at 1 and 4 weeks after treatment to the tumor volume on the treatment day. Statistical
analysis was done using the Statistical Package for the Social Sciences (SPSS). The one-way
ANOVA least significance difference test (LSD) was used to determine the significance among
experimental groups, and P <0.05 was considered significant.

3. Results

Our first pilot study (study 1) was designed to find a reasonable docetaxel dose and the pFUS
treatment scheme for our investigation. Figure 3 shows the relative TV change at 1 week and
4 weeks after the pFUS and docetaxel treatment. Tumor growth delay was observed for the
group receiving pFUS alone at 1 week and 4 weeks after the treatment; the average tumor
volume was 28.3% and 39% smaller compared to that of the control group, respectively. The
tumor growth delay was more significant for the group receiving docetaxel only; the average
tumor volume at 1 week after treatment was smaller than that prior to the treatment (P = 0.0013)
and it only increased slightly 4 weeks post-treatment (P = 0.0028). It should be mentioned
that the tumor volume measured by MRI within a short period of time (e.g. 1 week) after the
treatment might not accurately reflect the actual number of surviving tumor cells because both
chemo/radiotherapy would thin out tumor cells randomly in the tumor volume rather than
changing the tumor bulk volume/shape. The tumor volume at 4 weeks after treatment would
be a better indicator of the total viable tumor cells when it grew significantly greater than
that prior to the treatment. The combination of pFUS and docetaxel showed excellent tumor
control; the average tumor volume was smaller than that prior to the treatment both 1 week
and 4 weeks after treatment. However, their overwhelming cell killing power, especially that
by docetaxel, also drowned out the potential synergistic effect of pFUS and docetaxel.
Although docetaxel alone at a dose of 10 mg kg~! for two consecutive weeks resulted
in a significant delay in tumor growth, the associated toxicities were also severe to the small
animals (the average body weight of the nude mice was 25 g). Results from study 1 showed
that the animals did not tolerate the 2-week treatment very well; the docetaxel-treated mice
suffered severe weight loss (>10% body weight) and an approximately 30% mortality. The
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Figure 3. Relative tumor volume at 1 and 4 weeks after the 2-week treatment with docetaxel
(10 mg kg™, 2 fractions), pFUS (2 fractions) or the combination of the two, relative to the average
tumor volume prior to the treatment. Error bars are standard deviation of the mean. *P < 0.05 and
**P < 0.05 compared with the control and FUS groups (one-way ANOVA, LSD test).

pFUS-treated mice also lost weight (about 10%) during the 2-week treatment (recovered
4 weeks after treatment), which was probably due to the effect of the general anesthesia
since the animals could not have normal intake for the entire treatment day. There was a
concern that severe treatment toxicities might adversely affect the experimental accuracy on
the tumor growth. The second study was therefore designed to reduce the treatment toxicities
and mortality.

In study 2, the docetaxel dose was lowered to 5 mg kg~' (mouse body weight) with
only one injection to reduce the side effects of chemotherapy. The pFUS treatment was given
once only to minimize the possible effect due to general anesthesia. The docetaxel injection
was given immediately before the FUS/RT treatment to enhance drug penetration/absorption,
assuming that the docetaxel concentration was still at or near its peak value when pFUS altered
the permissibility of the vessel wall and the cell membrane. Figure 4 shows the relative tumor
volume based on the experimental results from the second study. The relative tumor volume
and the associated uncertainty are given in table 1. Animals treated with pFUS alone showed
a small (about 4%) reduction in the average tumor volume at 4 weeks after the treatment
compared to the control group, but it was not statistically significant (P = 0.45). The tumor
growth delay was more than 37% for the RT alone group 4 weeks after a 2 Gy irradiation,
which is a typical daily dose for standard-fractionation radiation therapy. The tumoricidal
effect of docetaxel at 5 mg kg~! was still significant; the average tumor volume 4 weeks
post-treatment was about 60% smaller than that of the control group. The level of inhibition
achieved with dual combination therapy of docetaxel + FUS or of docetaxel + RT was not
statistically different from that with docetaxel alone (P = 0.39 and 0.37 respectively). The
tumor volume for the group receiving triple combination therapy of docetaxel + pFUS + RT
appeared to be the lowest compared to all treatment groups (table 1). Further experiments are
needed to quantify the therapeutic ratio of dual or triple combination therapies of docetaxel
with FUS and/or RT in terms of the dose level and fractionation scheme.
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Figure 4. Relative tumor volume at 1 and 4 weeks after the single-fraction treatment of docetaxel
(5 mg kg1, pFUS, RT and dual- or triple combination therapies of the three modalities, relative
to the average tumor volume prior to the treatment. The error bars are standard deviation of the

mean.

Table 1. Relative tumor volumes at 1 and 4 weeks after treatments.

Relative tumor volume?
(Mean + SEMP)

Group 1 week 4 weeks

Control 2.69 + 0.34 6.76 + 1.30
FUS 2.19 £ 0.33  6.50 £ 1.46
RT 1.25 £ 0.18 4.26 + 1.04
Doc 1.11 £ 023 2.73 + 0.73
FUS + Doc 1.34 £ 0.20 3.13 £ 1.06
RT + Doc 1.24 + 044 231 £ 1.06

FUS + RT 4+ Doc  1.10 + 0.13

191 £ 047

4 Ratio of tumor volume after the treatment to that before the treatment.

b SEM: standard deviation of the mean.

4. Discussion and summary

In our previous study, a technique was established that is capable of performing pFUS on
nude mice with implanted prostate tumors using a clinical treatment equipment. The results
from our in vivo studies demonstrated the pFUS enhancement of the docetaxel delivery. The
purpose of this study is to investigate if the increased uptake of docetaxel would result in

tumor growth inhibition in vivo.

Although some effects of pFUS on tumor growth inhibition were observed using the
described treatment parameters compared to the control group, our results did not yield
statistically significant differences between them with the current small sample numbers
(n = 5). This was consistent with the findings of other solid tumor model studies (Dittmar
et al 2005, Dromi et al 2007, Poff et al 2008, Frenkel ef al 2006). However, one study showed
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that mechanical FUS with different treatment parameters might induce antitumor immunity
and therefore reduce tumor growth in a murine tumor model (Hu et al 2007).

The pFUS exposure with an acoustic power of 5 W used in this study generated a
temperature elevation less than 5 °C in targeted tumor tissues (to ensure a temperature of
<42 °C for potential future human applications) (Chen et al 2010). The MR proton resonance
frequency shift sequence (machine built-in software) was used for monitoring the temperature
changes during the pFUS treatment (figure 2). Our prior results have shown that the *H-
docetaxel delivery in implanted tumors can be enhanced by pFUS using the same treatment
parameters.

Increasing experimental and theoretical results have indicated that pulsed FUS can
enhance the permeability of target tissues or change the structure of extracellular matrix
to improve drug or gene delivery (i.e. Frenkel and Li 2006). A recent study showed that
pFUS generated acoustic radiation forces produced in the targeted tissue may have a role
in enhancing delivery (Hancock et al 2009). The mechanisms for producing the observed
enhancement are not well understood. It is thought mainly due to the nonthermal effects of
ultrasound—mechanical streaming and cavitation although larger increases in temperature
could occur within microenvironments of the cell as a result of cavitation. The increased
extravasation of the blood was observed in our previous study using the same ultrasonic
parameters as for this study. Our results suggested that the increase drug delivery in tumor
was a result of the increased blood vessel permeability. The possible mechanisms have been
discussed in our previous published paper (Chen et al 2010). However, the precise mechanism
is little known and needs to be further investigated. Extensive histological studies are being
conducted on prostate tumors treated with pFUS to answer these questions.

Radiation is one of the most effective treatment modalities for prostate cancer. Docetaxel
is one of the few effective drugs for the treatment of advanced hormone refractory prostate
cancer and/or metastatic disease clinically. Docetaxel inhibits microtubule formation and
downregulates antiapoptotic protein Bcl-2 expression (Engels et al 2005). Furthermore,
the combination of docetaxel and bortezomib as a chemotherapeutic drug sensitizes Bcl-2
overexpressing human prostate cancer cells to radiation effects by modulating the expression
of key members of the Bcl-2 family (Cao et al 2008). In the present study, we chose to test
the efficacy of pFUS, docetaxel and RT alone and dual- or triple-combination therapies using
an orthotopic prostate cancer model. Our results showed that both docetaxel and RT alone
caused a significant increase in tumor growth inhibition compared with the control group.
The strong effect of docetaxel on tumor growth was observed with both double injections of
10 mg kg~! and a single injection of 5 mg kg~'. However, the radiation-sensitizing effect
of docetaxel was not evident when docetaxel and RT were given together (Cao er al 2008).
When pFUS was given prior to the injection of 10 mg kg~' docetaxel, there was a further delay
in tumor growth compared to treating with pFUS or docetaxel alone (figure 3). However, when
docetaxel was injected at a lower dose of 5 mg kg~! prior to the pFUS treatment, there was no
further tumor growth inhibition for the limited number of animals investigated (figure 4). The
lowest level of tumor growth was seen when all three treatments, pFUS, docetaxel and RT were
given together. Our results suggested that the in sifu dose of docetaxel might be very uncertain
between individual mice, which may have an impact on the determination of tumor growth
inhibition especially when combined with other therapies. The variation of the blood flow
among individual animals may have contributed to the uncertainty in the measured drug-dose
response. The standard deviation of the tumor volume was also higher than expected, which
may also have an impact on the drug-dose response. A larger sample may help reduce the
overall experimental uncertainty. Because docetaxel alone at both dose levels of 5 mg kg ~! and
10 mg kg~! already resulted in significant tumor cell killing, additional antitumor effects from
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pFUS or RT may become less pronounced, at least with our current number of animals used.
A similar study showed pFUS enhanced tumor growth inhibition with a chemotherapeutic
drug, botezomib, at a low dose level; drug alone had no effect on the tumor growth (Poff et al
2008).

In summary, we have performed experiments to investigate the effectiveness of the
increased uptake of docetaxel by pFUS in combination with RT in prostate tumor control
in vivo. Although previous studies have demonstrated the antitumor efficacy of pFUS in
combination with a variety of therapeutic agents at different settings and using different tumor
models by other investigators, the results from this study did not show significant synergistic
effects between docetaxel, pFUS and RT. However, this study was performed with a small
sample and only a single animal tumor model. Future studies are being designed to continue
investigating the drug enhancement effect of pFUS by focusing on optimal pFUS treatment
parameters and chemo/gene dose levels and fractionation schemes.
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distribution of viable tissue. Results: Averaging effccts associated with PET
imaging altered the true 3D spatial pattern of FDG intratumoral uptake.
ROC analysis indicated good sensitivity of FDG PET image-segmentation
for the detection of the viable tissue (AUC = 0.74). However, the specificity
was low, as indicated by the low threshold value at which the maximum
overlap occurred (22% of maximum uptake).Conclusion: A novel method
of histopathological validation of PET imaging for image-guidance in
radiotherapy was developed. Using this method, it was demonstrated that for
the tumors with high viable tissue content, FDG-thresholding can be used
for viable tissue detection.

TH-E-BRA-03

Clinical Experience at Fox Chase Cancer Center for Treatment of Bone
Metastases Using ExAblate 2000 with MR Guidance

L Chen*, C Ma, T Richardsen, G Freedman, A Kenski, X Chen, J Fan, R
Price, ] Meyer, Fox Chase Cancer Center, Philadelphia, PA

Purpose: To cvalvate the safety and efficacy of MR guided focused
ultrasound (MRgFUS) treatment for bone metastases. Methods: Six patients
with scapula (2), humeral head, sacrum, ilium and pubic ramus bone
metastases were treated using ExAblate 2000 under MR guidance. In
addition to the monthly and annual quality assurance (QA), pre-treatment
machine calibration was performed before each treatment including the
functionality of the treatment software and the mechanical motion control
systems. The effective ultrasound focal spot was verified with an acoustic
phantom using MR thermometry, The patient was positioned on a gel pad.
The interface between the treatment table, the gel pad and the patient was
immersed in degassed water for acoustic coupling. Caution was taken to
remove all gas bubbles between the interfaces. Treatment was performed
under conscious scdation. Six to eighteen sonications were delivered for
each patient treatment depending on cach lesion's size. Patients were treated
with a frequency of 1 MHz; 32 + 4.0 to 96 =11W acoustic power and 628 +
78 to1859 + 338) energy for 20-30s for cach sonication. MR phasc images
were used to monitor the temperature changes in real-time. Based on the
temperature feedback, the acoustic power was adjusted to reach designed
temperatures (=60 °C) for individual sonications. Pain was assessed using
the visual analog scale (VAS). Results: All paticnts tolerated the MRgFUS
treatment well. No skin toxicity or other complications were observed. The
VAS pain rating was significantly reduced for all 6 patients from 8.2 £ 0.8
before treatment to 4.7 + 3, 2.7 £ 1.5 and 1.8 £ 1.1 at one day, one month
and three months respectively. Conclusions: A comprehensive QA program
has been developed for the MRgFUS system. Our data suggest that
MRgFUS is a safe, effective and noninvasive treatment modality for
palliation of bone metastascs.

TH-E-BRA-04

Feasibility of MMapping Transient Tumor Hypoxia Using in Situ
Activation PET Imaging: A Simulation Study

E Dalah'#, ¢ yang?, 1 Morare?, E Paulson’, Q Zhang®, Y Hu®, X Li, (1)
Medical College of Wisconsin, Milwaukee, WI, (2) , ,, (3) Medical College
of Wisconsin, Milwaukee, WI, (4) Mcdical College of Wisconsin,
Milwaukee, WI, (5) 2Wu Xi Yi Ren Tumor Hospital, Wu Xi, Jiang Su, (6)
Cancer Institute, CAMS, Beijing, , (7) Medical College of Wisconsin,
Milwaukee, WI

Purpose: Detecting transient tumor hypoxia in real-time is desirable and has
been challenging in radiation therapy. Here, we explore the feasibility of
mapping tumor transient hypoxia in real-time using in situ activation by
high-energy photons. Methods: The simulation used spatial uptake of a
hypoxia tracer (e.g. 64Cu-ATSM) in PET or autoradiograph as a surrogate
for micro-vessel density, which was then used to generate a steady state
oxygen tension (pO2) map using a reaction diffusion model. The 150 in situ
activation map by high-energy photons was gencrated using Ten Iaken
model based on the steady state pO2 map with the addition of clement
composition. The activation map includes both mobile and immobile 150.
The mobile 150 component was isolated by subtracting the fast decay
portion from the overall decay curve, The simulation process was coded in
Matlab using photon energics of 20 - 50MeV, Results: The diftusion model
shows heterogeneous distribution of pO2 ranges from 28 - 1.9 mmllg for a
pancreas tumor medel, depending on simulation baseline values, tumor
vasculature structure and architecture. The threshold of 63% of the mean
image intensity on the in situ activation PET image was found to reasonably
agree with original hypoxia map using 5 mmHg as a cutoft’ value. The
simulated transicnt hypoxic fraction was comparable with measurements
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reported using 64Cu-ATSM autoradiography, c.g., measurement of 0.166 +
0.067 versus simulation of 0.157. Conclusions: It is feasible to detect
transicnt tumor hypoxia with oxygen in situ activation using high-cnergy
photons. This opens door for tracking tumor transient hypoxia in real-time
during the delivery of radiation therapy. Immediate future work includes
quantifying the in situ activation PET (c.g., 150 activity in terms of pO2 in
mmHtg), and in-vive measurement of the in situ activation,

TH-E-BRA-05

Improving the Contrast of Proton and Carbon Radiography by Using
CT Prior Knowledge

M Spadea', A Fassi?, N Depauw’*, M Riboldi 2, G Baroni®, J Seco’, (1)
Magna Graecia University, Italy (2) Politecnico di Milano University, Ialy,
(3) Mass General Hospital; Harvard Medical, Boston , MA (4) Center for
Medical Radiation Physics (CMRP), University of Wollongong (UoW),
Wollongong, NSW, Australia

Purpose: To enhance the quality of proton/carbon radiography for real time
tumor tracking using CT prior knowledge. Methods: A method for contrast
enhancement was applicd to particle radiographies (230 MeV proton, 330
MeV proton, 500MeV/n Carbon) virtually generated by means of Monte
Carlo simulations. CT data volumes from 6 lung patients, with different
lesion size, were processed and analyzed. The tumor region (generally the
PTV) and low density voxels were segmented out to generate a new
processed CT. A Digital Reconstructed Radiography (DRR) was computed
from this processed CT volume. After equalizing the histogram between 0
and I of both particle radiography and DRR, the two images were subtracted
thus obtaining a high signal around the tumor region. Centrast to Noisc
Ratio (CNR) was used as a metric to measure the enhancement. A
normalized cross-corrclation based algorithm was implemented to
automatically detect the GTV arca, The cstimated center of mass (CM) of
the GTV was compared to projection contours drawn by physicians.
Results: CNR figures showed improvement up to 6 times when comparing
the enhanced contrast image vs. the original particle radiography. The 2D
distance between the real and the automatically estimated CM of the GTV
was 2,12+0,62 mm (mediantquartile). Conelusions: The advantage of using
proton or carbon radiography to detect soft tissue during patient set up and
radiation delivery can be further on improved by using prior knowledge
derived from the planning CT. The method we prepose is able to
significantly enhance the contrast of the tumor region with acceptable
computational time for real time applications. Further analysis is required to
study the benefit of such a methodelogy to track the lesion over time during
treatment. The authors declare that no conflicts of interest exist.

TH-E-BRA-06

Feasibility of Real Time MRI-Guidance in Proton Therapy

M Moteabbed*, J Schuemann, H Paganctti, Massachusetts General Hospiltal,
Boston, MA

Purpose: To investigate the feasibility of in-vivo real-time MRI guidance as
a potential treatment monitoring technique in proton therapy if such a
system would be installed in a treatment room. Methods: The effect of MRI
magnetic ficld on the proton dose distribution inside the patient anatomy
was studied using the TOPAS (Tool for Particle Simulation) Monte Carlo
(MC) tool. The right and left Jateral ficlds for a prostate patient with 50 Gy
prescribed dose (excluding the boost) were simulated based on the cxisting
treatment plans using 0, 0.5 and 1.5 T uniform magnetic field in the
supcrior-inferior direction. Dose Volume Histograms were compared for the
CTV and scveral organs at risk (OARs) such as bladder, rectum and femoral
heads. Results: Similar for both beams, lateral deflection of 2.5 and 7.3 cm
was observed for 0.5 and 1.5 T ficlds at the end of range, respectively, It
was found that an additional gantry rofation of 10 and 30 degrees could
correct for the curved path of the proton beam., Therefore, the beams were
re-simulated in the magnetic field, applying an anterior-posterior shift in the
beam position. Using a beam position shift of 2.5 cm in the
planning/delivery process could very well compensate for the magnetic ficld
deflection in 0.5 T sctting. The D95 varied by enly 0.3 Gy. Also the OARs
dose was maintained at the same level compared with the original treatment.
However, the beams in 1.5 T field could not be well approximated by a
simple shift of the field and the CTV and OAR doses were higher than
prescribed. Conclusions: Since most existing open-MRI systems operate at
or less than 0.5 T, proton-MRT treatments can be potentially planned by
revising planned beam angles and considering MC-determined beam
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and registered shifts. Results: For a Imm discrepancy criterion between
simulated and registered shifts, the success rates between OBI-DTS /Ref-
DTS-FBCT, OBI-DTS /Ref-DTS-AIP, and OBI-DTS /Ref-DTS-4DCT
registrations arc 14.3%, 28.6%, and 100% for 2mm shifts, 0%, 14.3%, 100%
for Smm shifts, and 42.9%, 28.6%, 100% for 10mm shifts, respectively.
Conclusions: The simulation study indicated that the phase-matched Ref-
DTS-4DCT technique considerably improved the target verification
accuracy than that provided by non-phase-information Ref-DTS-FBCT or
Ref-DTS-AIP, Therefore, it has the potential to validate VMAT treatment of
moving targets, (Research partially supported by grant from Varian Medical
Systems) Rescarch partially supported by grant from Varian Medical
Systems.

TU-A-BRA-10

Real-Time Markerless Tumor Tracking with MY Imaging and a
Dynamic Multi-Leaf Collimator (DMLC)

I Rottmann'?#*, P Keall’, Y Yuc', R Berbeco', (1) Brigham and Women's
Hospital, Dana-Farber Cancer Institute and Harvard Medical School,
Boston, MA, (2) German Cancer Research Center, Heidelberg, Germany,
(3) University of Sydney, Sydney, Australia

Purpose: The implementation of a real-time adaptive therapy system.
Automatic soft tissue localization (STiL) is used to drive DMLC adaptation
maintaining the position of the dynamic treatment aperture relative to the
tumor location during the entire breathing cycle. The STil. component
utilizes electronic portal images and operates without the nced for fiducial
markers. The proposed system has the potential to improve treatment
accuracy, dosc conformity and sparing of healthy tissue. Methods: The
system is implemented and tested on a clinical linear accelerator featuring
an clectronic portal imaging device (EPID) and a DMLC control system.
EPID images are continuously acquired at a frame rate of 12.86 Hz. The
STiL component processes the images in real-time, sending its output - the
current tumor position - to the DMLC component, which moves the aperture
to that position. Tmage transfer, tumor position calculation and DMLC
motion introduce a time lag between tumer position at acquisition time and
at the time the treatment aperture reaches this position, We analyze this
latency with a dynamic chest phantom driving a ID sinusoidal motion
(20mm superior-inferior motion range and 4.5s period). We estimate the
resulting average geometric systematic crror in a clinical sctling by driving
the phantom with several patient traces (recorded from fiducial tracking
during lung SBRT). Results: The individual geometric errors of the Stil
and the DMLC component are each smaller than 1 mm. The overall system
latency was found to be 210 ms, The average rms-crror of 11 patients traces
(172 beams) was found to be (1.8 £ 0.8) mm with this latency. Conclusions:
We have implemented a real-time adaptive therapy system integrating
automatic soft tissue tumor localization with DMLC adaptation of the
treatment aperture. The functicnality of the combined system was tested
successfully and the systemic latency and resulting rms error measured.
Varian Medical Systems Inc., NCI grant CA93626

TU-A-BRA-11

Targeted Drug Delivery Technique Employing Pulsed TFocused
Ultrasound for Treatment of Prostate

L Chen'*, N Rapoport’, X Chen', D Cvetkovic', J Xuc', q xu*, X Tong®, I
Liw’, R Gupta®, C Ma', (1) Fox Chase Cancer Center, Philadelphia, PA, (2)
University of Utah, Salt Lake City, UT, (3) Cancer Center of Union
Heospital, Tongji Medical College of Huazhong Univers, Wuhan, (4) 3rd
Affiliated Hospital of Qigihar Medical University, Qiqihar, (5) Henan
Provincial Cancer Hospital, Zhengzhou

Purpose: The purpose of this study is to investigate an innovative approach
to prostate cancer therapy using nanodroplet-encapsulated drugs combined
with pFUS (pulsed high intensity focused ultrasound) treatment. Pulsed FUS
treatment provides a localized drug release from the earrier and enhanced
intracellular uptake, which ensures temperal and spatial control of local drug
delivery while lowering the systemic toxicity, Metheds: LNCaP cells were
implanted into the prostates of nude mice. Tumor growth was monitored
using MRI. The tumor-bearing mice were randomly divided into 5 groups
(n=3). Group 1, animals were treated with an 1V injection of paclitaxel
(PTX)-encapsulated nanodroplets (ND-PTX) + pFUS. Animals in Group 2
were treated with pFUS alone. Animals in Group 3 were injected (IV) with
PTX-encapsulated nanodroplets alone, Group 4 received pFUS+empty
nanodroplets and Group 5 was used as a control group. After treatment,
animals were allowed to survive for 4 weeks, Tumor growth delay was
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monitored by MRI. The formulation of the PTX-cncapsulated nanodroplets
is as follows: PTX dose 20 mg/kg, Nanoemulsion composition 0.5% PTX,
1% perfluorocarbon and 2% stabilizing block copolymer, Ultrasound
treatment parameters were 1MHz, 25W acoustic power, 10% duty cycle and
60 sec for each sonication, Results: Compared with the control group,
significant tumor growth delay was observed in Group 1 with p=0.004, 3
weeks after treatment. There was no significant tumor growth delay
observed for Group 2 (p=0.285), Group 3 (p=0.452) and Group 4 (p=0.158).
Conelusions: Our preliminary results showed a great potential for prostate
cancer therapy using targeted PTX+ nanodroplets, which could be activated
by pFUS. More animal studies are warranted to confirm the results. The
enhancement effect of pFUS on targeted drug delivery needs to be
investigated quantitatively. This work is supported by Focused Ultrasound
Surgery Foundation, DOD PC073127 and DOD BC102806. Technical
support from InSightec is graciously acknowledged. funding supported
partially by Focused Ultrasound Surgery Foundation, DOD PC073127 and
DOD BC102806

Imaging Scientific Session Room 213CD

Cone Beam CT 1

TU-A-213CD-01

GDRR: A GPU Tool for Cone-Beam CT Projection Simulations

X Jia*, H Yan, M Folkerts, S Jiang, University of California, San Deigo, La
Jolla, CA

Purpose; Realistic calculations of x-ray projection images play an important
role in many projects related to CBCT, such as the design of scanners and
reconstruction algorithms. However, to yield a desired level of realism it
usually requires a tremendously long computational time, which hinders the
research process. The purpose of this project is to develop a realistic x-ray
projection image simulation package, gDRR, on a computer graphics
processing unit (GPU) to achieve both high accuracy and cfficicncy.
Methods: Primary signals in a projection is computed by GPU-based ray-
tracing algorithms, with many features considered, e.g. source encrgy
spectrum, fluence map due to a bowtie filter, and detector response. Scatter
signals are obtained by Monte Carlo (MC) simulations on GPU under the
aforementioned realistic setup followed by a denoising step. Noisc signals
arc caleulated by taking the difterence between the MC simulated primary
and the ray-tracing primary signals, and the difference between the MC
simulated scatter signals and the denoised scatter signals. The noise level is
calibrated according to the mAs level in a scan. Results: The primary
signals agree well with results from MC simulations. As for the scatter
signals, our MC results for real patient cases are in good agreement with
those from EGSnrc with less than 2% relative error using 10 million source
photons. Various realistic artifacts can be observed in CBCT images
reconstructed from the simulated projections, e.g. beam hardening, scatter,
and noise. The computation time per projection is ~20ms for primary signal
per energy channcel, ~4sce for scatter signal, and 1~2scc for all other steps.
Conclusions: We have developed a complete simulation package on GPU to
compute x-ray projections in CBCT. Primary, scatter, and noise signals can
be calculated with a high level of realism at a high cfficiency. This work is
supported in part by NIH (IROICA154747-01), Varian Medical Systems
through a Master Research Agreement, and the Thrasher Research Fund.

TU-A-213CD-02

Contrast-To-Noise Ratio (CNR) Enhancement and Lag Correction in
Cone Beam CT (CBCT) Using a Synchronized-MOving-Grid (SMOG)
System

L Ren'*, J Jin%, F Yin', (1) Duke University Medical Center, Durham, NC,
(2) Henry Ford Hospital System, Detroit, MI

Purpose: To develop a synchronized moving grid (SMOG) system to
enhance the contrast-to-noise ratio (CNR) and correct image lag in cone-
beam CT (CBCT). Methods: The SMOG system uses a rapidly oscillating,
synchronized moving grid attached to the kV source. Multiple exposures are
taken at each gantry angle with the grid offset by a distance cqual to the grid
interspace width after cach exposure, before the gantry moves to the next
position during a scan. In each projection image, patient image data are
acquired within the grid interspace area and scatter is measured under the
arca blocked by the grid for post-scan scatter correction. The grid provides
direct scatter reduction by blocking part of the beam, which enhances CNR
in the reconstructed CBCT images. Image lag was also estimated from the
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TU-C-BRB-03

Monte Carlo Study of a Compact Distributed X-Ray Source Microbeam
Radiation Therapy Research Trradiator

E Schreiber*, S Chang, UNC School of Medicine, Chapel Hill, NC

Purpose: Microbeam radiation therapy (MRT) is a promising experimental
treatment medality produced by large synchrotron facilities. Using carbon-
nanotube (CNT) ficld emission based x-ray generation as an cnabling
technology, we propose a compact MRT small animal irradiator. We report
on a Monte Carlo feasibility study of the proposed device. Methods: A
prototype 160 kVp CNT MRT device was simulated using EGSnre-based
codes. Dosimetry for 100-micron thick planar beams at 160 mm SSD was
calculated in a 30 mm diameter cylindrical water target. In contrast to single
source synchrotron MRT systems, the proposed CNT-MRT system has
multiple lincar x-ray sources were arranged in a ring surrounding the target,
The planar dosimetry from the MRT was simulated by using 12-24 cqually
spaced identical linear x-ray source segments. Dosimetry for the full MRT
array was generated by combining circular planar dose distributions in
parallel planes separated by 150-1000 microns. The resulting configurations
were analyzed for isocentric dose rate, dose to normal tissue, and peak-to-
valley ratio. Results: The peak-to-valley dose ratio varied from 10 to 100 as
the spacing between adjacent parallel microbeams was increased from 150
to 1000 microns. The dose rate at the center of the phantom was calculated
to be 700 Gy/A/min per linear source scgment. An expected maximum
current per source segment of 1 A (duc to anode heating) projects a
maximum dose rate of 280 Gy/sec at isocenter for a 24-source scgment
configuration. The dosc rate falls by 80% within 5 mm of the edge of the
target arca in the center of the phantom, providing significant normal tissue
sparing compared with single-direction MRT techniques. Conclusions:
Monte Carlo simulations show that it is feasible for the proposed MRT
device to produce the dose rate and peak-to-valley characteristics needed to
conduct MRT rescarch. This work is supported by NCI grant
1US4CA 151652

TU-C-BRB-04

A DMonte Carlo-Based Small Animal Dosimetry Platform for Pre-
Clinical Trials: Proof of Concept

B Bednarz*, A Besemer, Y Yang, University of Wisconsin, Madison, WI

Purpose: The development of novel agents for targeted radionuclide
therapy has led to an important nced for accurate dosimetry characterization
during pre-clinical trials, The purpose of this study is to discuss our progress
in developing a fully automated Monte Carlo-based dosimetry platform for
cxternal and/or internal absorbed dosc quantification in small animals.
Methods: The dosimetry platform was built entirely around the Monte
Carlo code Geantd version 9.3. CT and PET image datasets of a mouse
injected with CLR1404, a novel tumor target pharmaceutical that is tagged
with both I-124 and 1-131 for imaging and therapy, were used for this
preliminary study. The activity distribution in the tumor acquired from the
PET scan was modeled as a simple spherical source. The same CT image set
was used to gencrate cxternal dose distributions from a 6 MV photon beam
spectrum, Results: The external dose distributions from the 6 MV photon
source and the internal dose distributions from CLR 1404 were combined to
get a relative dose distribution within the mousc. Conelusions: We provided
a proof-of-concept for a fully automated dose calculation platform in small
animals that can be used for developing protocols for pre-clinical trials. We
are currently working on additional modifications to better represent both
the external beam source for our small animal irradiator as well as the
activity distributions gathered by the PET scan,

TU-C-BRB-05

BEST IN PHYSICS (THERAPY) - Combined Effects of Pulsed Non-
Thermal Focused Ultrasound and Radiotherapy for Prostate Cancer
Treatment

X Chen', D Cvetkovic', I Xue'?, L Chen', C-M Ma', (1)Radiation Oncology
Department, Fox Chase Cancer Center, Philadelphia, PA, (2)Cancer Center
of Union Hospital, Tongji Medical College of Huazhong University of
Science and Technology, Wuhan, China

Purpose: Recent studies have shown non-thermal effects of pulsed focused
ultrasound (pFUS) on tumor growth control, This study is to investigate the
combined cffects of non-thermal pFUS and radiotherapy (RT) for prostate
canger treatment, Methods: Animal prostate tumor model was developed by
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implanting LNCaP cells in mice prostates. Tumor-bearing mice were
randomly assigned te 3 groups (n=8): (1) pFUS; (2) pFUS+RT; (3) control.
MR-guided pFUS treatment was performed using InSightec ExAblate 2000
system with a 1.5T GE MR scanncr. Non-thcrmal sonications were
delivered by kecping the body temperature <42°C as measured real-time by
MR thermometry. Prostate tumors in groups 1 and 2 were exposed to pFUS
(1MHz, 25W focused ultrasound; 1Hz pulse rate with a 10% duty cycle) for
60 scc for each sonication, Each tumor was covered entircly using 4-8
sonication spots. Prostate tumors in group 2 also received 2 Gy radiation
dose within 30 minutes after pFUS treatment using Siemens Artiste (6MV
photon energy, 300MU/min dose rate). Following the treatment, mice were
scanned weckly using MRI for tumor volume measurement. Results: Tumor
volumes in the control group showed exponential increase from 121£5 mm?
on treatment day to 17249, 247+15, 3442428, and 500+42 mm® at [, 2, 3, and
4 weeks post treatment, respectively. In contrast, tumor volumes in the
pFUS group were 33% (p<0.05), 29% (p=<0.05), 14%, and 15% smaller, and
the pFUSHRT group were 31%, 31%, 26%, 33% smaller (p<0.05) at week 1,
2, 3, and 4 post treatment, respectively, Both pFUS and pFUSHRT groups
showed significant tumor growth delay in the first two weeks. Conclusions:
Qur study showed that pFUS combined with radiotherapy can significantly
delay the tumor growth. Radiation after pFUS treatment provided an
additional benefit for tumor control (sponsored by Focused Ultrasound
Surgery Foundation, Varian Medical Systems, DOD PC073127, DOD
BC102806).

TU-C-BRB-06

A Multipurpose Quality Assurance Phantom for the Small Animal
Radiation Research Platform (SARRP)

W Ngwa*, P Tsiamas, P Zygmanski, M Makrigiorgos, R Berbeco, Brigham
and Women's Hospital, Dana Farber Cancer Institute, Harvard Medical
School, Boston, MA

Purpose: The suitability and performance of a mouse-sizc MOSFET
('Mousefet) phantom is investigated for routine quality assurance (QA) of
the Small Animal Radiation Rescarch Platform (SARRP). Methods: The
Mouscfet phantom was constructed by custom integration of 5 micro
MOSFETS, arranged in a quincunx pattern, within a miniature tissuc
cquivalent phantom. The phantom was designed to facilitate SARRP QA
tasks which may warrant daily cvaluation: output constancy, isocenter
congruency test, and cone beam computed tomography (CBCT) image
geometric accuracy. For output constancy the phantom was irradiated with
an open field and all 5 micro-MOSFET readings taken. For the isocenter
congruency test, an appropriate size collimator was uscd to irradiate one of
the MOSFETs, imaged and positioned at CBCT isocenter. The acquired
CBCT image was then used to verify image geometric accuracy and other
image quality parameters, Sample data from 10 days in a period of over one
month was compared to reference measurements and evaluated for daily
variation, Results: Qutput constancy measurements showed maximum daily
variation of less than 3% for all MOSFETS, in consonance with
observations from concurrent ion chamber measurements. The design of the
Mouscfet phantom allows the output check data to be used for prompt
verification of beam cnergy and cone profile constancy. For the isocenter
congruency test, it is demonstrated that the Mousefet Phantom can defect 0.3
mm deviations of the CBCT isocenter from the radiation isocenter.
Meanwhile, results for CBCT image geometric accuracy were consistently
found to be within 2% of the expected value. Other CBCT image-quality
parameters could also be assessed in terms of image intensity constancy,
noise and image uniformity. Conclusions: Overall, the results establish the
Mousefet phantom as a simple and time-cfficient multipurpose tool that
could be employed effectively for routine quality assurance of the SARRP.

TU-C-BRB-07

Comparison of Preclinical and Clinical Conformal Radiation Therapy
Techniques and Protocols to Establish a Translational Pathway

S G Price'”*, D Rangaraj'?, S Yaddanapudi®, E W Tzaguirre'”, (1) Nuclear
Science and Engineering Institute, Universily of Missouri, Columbia, MO
(2) Washington University School of Medicine, Saint Louis, MO

Purpose: The purpose of this study was to compare the techniques and
protocols used in clinical radiation therapy and recently developed
preclinical image guided micro irradiation to establish a link between small
animal conformal irradiation and clinical treatment protocols. This work will
cstablish protocols that, according to treatment site, will facilitate the
translation of conclusions from radiobiological experiments to clinical
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calibration, implementation of aMC into a treatment planning systems and
applications for IMPT optimization.

Leaming Objectives:

. Understanding the physics principles underlying current semi-
empirical proton dose computation models, their assumptions and
approximations and their effect on accuracy.

2. Appreciating the potential impact of approximations on clinical
outcomes.

3. Understanding the role of Monte Carlo techniques in identifying the
causes of differences between results of semi-empirical models,
measurements and Monte Carlo and in the development of more
accurate algorithms.

4. Learning about the current status of Monte Carlo and abridged-Monte
Carlo techniques for clinical use.

Conlflicts of interest: Mohan — Research grant from Philips. Soukup — Elekta
cmployee.
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BEST IN PHYSICS (IMAGING) - Evaluation of Apoptosis and
Proliferation in Non-Thermal Pulsed HIFU Treated Mouse Prostate
Tumors

D Cvetkovic*, X Chen, C Ma, L Chen, Fox Chase Cancer Center,
Philadelphia, PA

Purpose: The underlying mechanism of non-thermal cffects of pulsed high
intensity focused ultrasound (pFUS) on normal and tumer tissues is not well
understood. Our recent studies showed significant prostate cancer cell
killing in vitro and significant prostate tumor growth delay in vivo after
pEUS treatment. We hypothesized that these effects of non-thermal pFUS
are due to an increase in cell apoptosis and decrease in cell proliferation.
Therefore, the purpose of this study was to analyze the biomarkers of
apoptosis and proliferation in prostate tumoers after pFUS exposures.
Methods: An orthotopic prostate tumor model was established in nude
mice. Prostate tumors were sonicated with MR guided pFUS (IMHz, 5W
acoustic power, SHz frequency; 0.1duty cycle) for 60 sce for cach sonication
with temperature <42°C (InSightec ExAblate 2000 with a 1.5T GE MR
scanner), Untreated tumors were used as controls, The mice were sacrificed
at predetermined times up to 7 days following therapy. Tumors were
processed for light microscopic examination with H&E staining and
immunohistechemical staining for caspase 3 (a marker of apoptosis) and
Ki67 (aproliferation marker) expression. Results: Light microscopy
revealed the absence of thermal damage and acute destruction of tumor
tissues exposed to pFUS. The microvessel walls in the tissues remained
intact. There was no change in the extent of hemorrhage upon pFUS
treatment over time. The apoptotic index, defined as a percentage of
apoptotic cells per total number of cells, peaked at 24 hours after FUS
treatment relative to control. There was ne dramatic difference in the
proliferation indices between different time points. Conclusions: Our results
suggested that non-thermal pulsed pFUS induced caspase 3-mediated
apoptosis and did not produce any thermal damage in the prostate tumor
tissues. We are performing additional studies to cvaluate blood vessel
density and cellular DNA damage upon pFUS treatment.

TH-C-217BCD-02

Ultrasound Texture Analysis of Radiation-Induced Parotid-Gland
Injury in Post-Radiotherapy Head-And-Neck Patients: Feasibility
Study

X Yang*, S Tridandapani, J Beitler, D Yu, S Henry, H Chen, W Curran, T
Liu, Emory University, Atlanta, GA

Purpose: Xerostomia (dry mouth), resulting from radiation damage to the
parotid glands, is onc of the most common and distressing sidc cffects of
head-and-neck cancer radiotherapy. We have developed a family of
sonographic  texture features to cvaluate the morphologic and
microstructural integrity of the parotid glands, and investigate the feasibility
of quantitative cvaluation of radiotherapy-induced parotid-gland injury.

Medical Physics, Vol. 39, No. 6, June 2012

Chen, Lili
4003

Methods: In this pilot study, 12 post-radiothcrapy head-and-neck cancer
patients and 7 healthy volunteers were enrolled. Each participant underwent
one ultrasound study, and longitudinal (vertical) ultrasound scans were
performed of the bilateral parotids. The averaged follow-up time for the
post-radiotherapy patients was 17.2 months and the median radiation dosc
was 32.3 Gy. Eight grey level co-occurrence matrix (GLCM) features were
derived from the B-mode images. The associated paramecters for texture
features can be summarized as follows: 1. Inverse difterential moment
(IDM): local homogencity; 2. Contrast: difference of gray-scale through
continuous pixels of the image; 3. Angular second moment (ASM):
homogenous texture; 4. Entropy: disorder of the image. 5. Variance:
heterogeneity; 6. Correlation: linear relationship between the gray-scale of
pixel pairs; 7. Cluster shade and 8. Cluster prominence: the perceptual
concepts of uniformity and proximity, Results: Significant differences
(p<0.05) were observed in 8 sonographic features, between normal and
irradiated parotid glands. IDM value decreased from 7.88+1.14E-2 (normal)
to 6.93£1,54E-2 (irradiated); Contrast value increased from 3.41+1.11E+2
to 8.45+£3.46E+2; ASM value decreased from 6.06=1.72E-4 to 3.02+0.87E-
4; Entropy value increased from 7.66+0.34 to 8.4740.23; Variance value
increased from 2.84£1.01E+2 to 9.30+£3.53E+42; Correlation value decreased
from 1.35£0.45E-3 to 6.2242.09E-4; Cluster shade value increased from
1.20£1.24E+4 to 1.51+1.27E+5; Cluster prominence value increased from
3.11+£2.50E+6 to 3.744£3.11E+7. Conclusions: This work has demonstrated
the feasibility of ultrasonic texture evaluations of the parotid glands, and the
sonographic features may serve as imaging signatures to assess radiation-
induced parotid damage.

TH-C-217BCD-03

Evaluation of the Spatial Resolution and Noise Properties of a
Prototype Transmission Ultrasound Imaging System Employing An
Acousto-Optie (AQ) Detector

LR. Rosenfield*!, 1.8, Sandhu’, 1.K. Tawialh’, and P.I. La Riviere', (1) The
University of Chicago, Chicago, lllinois, (2) Santec Systems Inc., Arlington
Heights, IL

Purpose: In this work, the spatial resolution and noisc propertics of a
prototype full-field transmission ultrasound imaging system employing an
acousto-optic (AO) liquid erystal detector were characterized. The AO effect
is a phenomenon in which an incident acoustic wave field induces local
birefringence changes in a liquid crystal. These birefringence changes
manifest as brightness changes when the liquid crystal is optically
illuminated using polarized light, thus providing spatial information about
the ficld. Methods: A compressed, Zerdine-based breast phantom
containing 12 artificial spherical lesions was imaged using planc-wave
ultrasound illumination. Lesions of diameter 2 mm, 4 mm, 6 mm, and § mm
were embedded at depths of 12,7 mm, 25.4 mm, and 38.1 mm within the
phantom background. To minimize coherence artifacts, the transducer
frequency was swept continuously from 3.25 MHz to 3.45 MHz at a rate of
100 MHz/s, The transducer voltage was ramped from 0.1 V o 6.5 V to
permit identification of the onset of the AO effect in the detector. An
analysis of image quality was performed on 50 identically acquired images
in which the contrast-to-noise ratio was determined for cach lesion in the
mean acquired image. Apparent lesion size was also computed as a function
of distance from the AO detector. Results: The spatial resolution analysis
revealed that lesion size in the mean acquired image increased lincarly with
lesion-to-detector distance. Extrapolation of the least squares regression
lines for apparent lesion size versus lesion-to-detector distance to zero
distance agreed well with the actual lesion sizes. The noise analysis
demonstrated that a contrast-to-noise ratio of 13.1 could be obtained with
the prototype system for the transducer settings and phantom propertics
considered. Conclusions: This investigation indicates the potential for
incorporating a liquid erystal AO detector into a transmission ultrasound
system for full-field breast imaging.
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